The 

MAKING, 

SHAPING and 

TREATING of 
STEEL 


UNITED STATES STEEL 



DB'xitsac 3Eli>i’aMOTSi 

E:<i:c^r>aiz> i stress bo X9S1 


3E»jEtn<ra:E:jo xi<a' xj.; 



CONTENTS 


Chapter 1 


Iron in Antiquity 1 

Prehistoric and ancient use of iron. Meteoric iron. Telluric (native) iron. Man- 
made iron. Archeological evidence. Products of ancient iron smelting. Early cast 
iron. Bibliography. 


Chapter 2 

Some Fundamental Principles of Chemistry and Physics 4 

Part 1. The Composition^ Structure and Properties of Matter 

SECTION 1: THE RELATION OF METALLURGY TO PHYSICS AND CHEM- 
ISTRY. SECTION 2: COMPOSITION OF MATTER. The nature of matter. Mix- 
tures, compounds and chemical elements. Symbols of the chemical elements. 
Broad classification of chemical elements. Atoms and molecules. Atomic and 
molecular weights. SECTION 3: THE STRUCTURE OF MATTER. Atomic struc- 
ture. The atomic nucleus. The electronic system. Periodicity of the elements. 
Isotopes. Summary on atomic structure. Physical, chemical and nuclear changes. 
SECTION 4: CRYSTALLOGRAPHY. SECTION 5: FUNDAMENTAL CHAR- 
ACTERISTICS OF MATTER. Length, mass and time. States of matter. Changes 
of state. Vapor pressure. Electrical conductivity. Density. Specific gravity. Elas- 
ticity. Plasticity. Tensile strength. Hardness. Viscosity. Specidc heat and heat 
capacity. Thermal expansion. Thermal conductivity. 

Part 2. Fundamental Principles of Chemistry 

SECTION 1: BRANCHES OF CHEMISTRY. SECTION 2: CHEMICAL FOR- 
MULAS AND REACTIONS. Chemical formulas of compounds. Molecules of 
elements. Chemical equations. Heat of reaction. Kinds of reactions. SECTION 3: 
KINDS OF CHEMICAL COMPOUNDS. Acids, Bases. Salts. Nonelectrolytes. 
Anhydrides. SECTION 4: VALENCE AND VALENCE NUMBERS. SECTION 5: 
RADICALS. SECTION 6: IONS AND ELECTROLYSIS. SECTION 7: FUNDA- 
MENTAL LAWS OF CHEMICAL CIIANGE. Law of constancy of nature. Law of 
conservation of matter. The law of definite proportions. Law of multiple propor- 
tions. Qualitative considerations. SECTION 8: SOLUTIONS. Distribution co- 
efficient. Vapor pressure of solutions. Phase or constitution diagrams. Time- 
temperature curves- Examples of typical binary solutions. Ternary systems, 
SECTION 9: CHEMICAL NOMENCLATURE. General principle. Terminology 
of binary compounds. Terminology of ternary compounds. Terminology of acids. 
Terminology of bases. Terminology of salts. Nexitralization. Hydroxyl and hydro- 
gen ions. SECTION 10: CHEMICAL CALCULATIONS. Kinds of problems. Prob- 
lems involving weight. Problems involving volume only. Problems involving both 
weight and volume. Mol fraction. SECTION 11: SOME ELEMENTS COMMON IN 
STEELMAKING. Oxygen. Hydrogen. Sulphur. Carbon. Silicon. Nitrogen. Phos- 
phorus. Calcium and magnesium. Aluminum. Chromium. Manganese. Iron. 

Part 3. Fundamentals of Physics 

SECTION 1: INTRODUCTORY. SECTION 2; ENERGY, FORCE, WORK AND 
POWER. Nature of energy. Potential vs. kinetic energy. Forms of potential energy. 
Conversion of energy. Conservation of energy. Force, Work. Power. Transmission 
of energy, SECTION 3: HEAT. Nature of heat. Temperature. Thermometry and 
pyrometry. Measurement of heat. Heat vs. changes in state of matter. Conversion 
of heat into mechanical and electrical energy. Elffects of temperature on physical 
properties. Heat flow. SECTION 4: MAGNETISM AND MAGNETIC FIELDS. 
Natural magnets. Artiflcial magnets. Magnetic fields. Earth’s magnetic field. Mag- 
netic field strength. Magnetic induction. Permeability. Retentivity. Reluctance. 
Theory of magnetism. SECTION 5: EX.ECTROSTATICS. Nature of electrostatic 
charges. Induced electrostatic charges. Electric discharge. Static electricity and 
electricity in moUon. SECTION 6: CHEMICAL GENERATION OF ELECTRIC 

lx 



THE MAKING, SHAPING AND TREATING OF STEEL 


CURKENL SECTION 7: POTENTIAL, CURRENT, RESISTANCE. SECTION 8: 
FEOW OF DIRECT CURRENT IN CONDUCTORS. Ohm’s Law. Resistance in 
series. Resistances in parallel. Law of divided circuits. SECTTION 9: ELECTRO- 
MACfNETISM. Magnetic fields and electric currents. SECTION 10: ELECTRIC 
It^NEKGY AND POWER. SECTION 11: ELECTROMAGNETIC INDUCTION. 
St‘l/-»nduction. Laws of electromagnetic induction. SECTION 12: MECHANICAL 
GENERATION OF ELECTRIC CURRENT. Alternating-current generator. 
Direct-current generator. SECTION 12; CHARACTERISTICS OF ALTERNAT- 
ING CURRENT. Frequency. Polyphase current. Effective values of alternating 
current and voltage. Impedance. Power factor. SECTION 14: PRINCIPLES OF 
MOTORS. Direct-current motor. Alternating-current motor. SECTION 15: 
PRINCIPLES OF TRANSFORMERS. SECTION 16: CURRENT RECTIFICA- 
TION. Motor-generator sets. Frequency changers. Mercury-arc rectifiers. 


Chapter 3 


Fuels and Combustion 51 

SECTION 1: INTRODUCTORY. SECTION 2: CLASSIFICATION OF FUELS. 

The cla.ssification of fuels. Importance of each class. SECTION 3: PRINCIPLES 
OF COMBUSTION. Calorific value of fuels. Thermal capacity, heat capacity and 
specific heat- Gas laws. Combustion calculations. SECTION 4: HEAT FLOW. Con- 
duction. Convection. Radiation. SECTION 5; SOLID FUELS AND THEIR UTILI- 
ZATION. Coal resources. Origin and composition of coal. Chemical composition 
and coal classification. Mining of coal. Continuous mining. Coal preparation. Car- 
bonization of coal- Combustion of solid fuels. Pulverized coal. SECTION 6: LIQ- 
UID FUELS AND THEIR UTILIZATION. Origin, composition and distribution 
of petroleum. Grades of petroleum u.sed as fuels. Properties and specification of 
liquid fuels. Combustion of liquid fuels. Liquid-fuel burners. SECTION 7: GASE- 
OUS FUELS AND THEIR UTILIZATION. Natural gas. Manufactured gases. 
Manufacture of producer gas. Manufacture of water gas. Special gas processes. 
By-product gaseous fuels. Blast-furnace gas. Coke-oven gas. Use of various gase- 
ous fuels in the steel industry. Combustion of various gaseous fuels. SECTION 8: 

FUEL ECONOMY. Efficiency of heat utilization in steel plants. Means employed 
for heat conservation. Fuel-air proportioning. Oxygen enrichment of combustion 
air. Furnace pressure control. Automatic temperature control. Regenerators and 
recuperators. Waste-heat boilers. Insulation. Bibliography. 


Chapter 4 


Metallurgical Coke Production 90 

SECTION 1: INTRODUCTORY. Selection and preparation of coal for coking. 

Kinds of coke. Factors controlling properties of metallurgical coke. Methods of 
manufacturing metallurgical coke. SECTION 2: THE BEEHIVE PROCESS FOR 
CARBONIZING COAL. Construction of ovens. Waste-heat system. Charging. 
Coking process. Watering and drawing. Present status of beehive process. SEC- 
TION 3: THE BY-PRODUCT PROCESS FOR CARBONIZING COAL. Modem 
types of by-product ovens in the United States. The Koppers oven. The Koppers- 
Becker oven. The Wilputte oven. The Semct-Solvay oven. SECTION 4: CON- 
STRUCTION AND OPERATION OF BY-PRODUCT OVENS. Coking chamber. 
Heating system. Oven doors. Gas-collecting system. SECTION 5: ACCESSORY 
OVEN EQUIPMENT. Coal-storage bins and charging larries. Pusher-side equip- 
ment. Coke-side equipment. Quenching station. Instrumentation and control. 
SECTION 6: COKE SCREENING AND HANDLING. Coke wharf. Conveyor sys- 
tem for coke. Screening and cru.shing. Storage and shipping. SECTION 7: LIMI- 
TATIONS AND FUTURE OF BY-PRODUCT COKING. 


Chapter 5 


Recovery of Coal Chemicals 113 

SECTION 1: INTRODUCTORY, Chemical nature of coal. Products of coal car- 
bonization. SECTION 2: COLLECTION OF VOLATILE PRODUCTS FROM 
OVENS. Collecting main and suction main. SECTION 3: RECOVERY OF CRUDE 
COAL TAR. Hot tar drain tank. Primary cooler. Tar extractor. SECTION 4: RE- 
COVERY OF AMMONIA AS AMMONIUM SULPHATE. Semi-direct process. 
Ammonia still. Heheater. Ammonia absorber. Saturator, SECTION 5: RECOVERY 
OP PHENOL, Vapor-recirculation process. Solvent extraction process SEC- 
TION 6: RECOVERY AND REFINING OF PYRIDmE BASES. Batch-type re- 
covery process for pyridine bases. Refining of pyridine bases. SECTION 7: 



CONTENTS 


XI 


RECOVERY OF COKE-OVEN LIGHT OIL. Light oil. Light-oil recovery proc- 
ess. Final cooler. Wash-oil scrubber. Debcnzolization of wash oil. SECTION 8: 
REFINING OF COKE-OVEN LIGHT OIL. Acid washing. Fractional distillation. 
Batch still operation. Continuous still operation. Control of distillation processes. 
Types of refining processes. Semi-continuous process. Continuous process. SEC- 
TION 9: REFINING OF COAL TAR. Distillation of tar. Pyridine sulphate recov- 
ery. Tar-acid recovery. Washing. Rectifying. Springing. Batch rectifier. Batch 
carbonating, or springing system. Lime kiln. Batch caustic system. Continuous 
causticizing system. Rotary kiln. Tar-acid refining. Horizontal pot still. Vertical 
pot still. Steam-heated vacuum batch still. Naphthalene recovery. SECTION 10: 
USES OF COKE, COKE-OVEN GAS AND COAL CHEMICALS. Metallurgical 
coke. Fuel gas. Ammonium sulphate. Phenol. Ortho cre.sol. Meta -para crcsol. 
Xylenes. Naphthalene. Creosote oil. Pyridine bases. Pitch-tar mixture. Forcrun- 
nings. Pure benzene. Motor benzene. Pure toluene. Crude heavy solvent. Refined 
heavy solvent. 


Chapter 6 


Iron Ores 139 

SECTION 1: ORES AND THE IRON-BEARING MINERALS. Minerals and ores. 

The iron-bearing minerals. Magnetite group. Hematite group. Limonite or brown 
ore group. The carbonate group. The silicate group. Distribution and supply of 
iron ores. Geologic range of iron ores. Formations associated with iron ores. Origin 
of iron ores. SECTION 2: VALUATION OF ORES. The mineralogical make-up 
of iron ores. Factors in the valuation of ores. Composition. Accessibility. SEC- 
TION 3: IRON ORE DEPOSITS OF THE UNITED STATES. The main producing 
districts. SECTION 4: THE BIRMINGHAM DISTRICT. Location, geology and 
general description. Hematite. Limonite. Beneficiation of red ore (hematite). 
Sinter plant. SECTION 5: WESTERN IRON ORES. Origin of the Utah ores. Gen- 
eral geology of the Utah mining districts. Occurrence of the ores “in situ.” Ore 
types. Development and mining practice. Ore reserves of Utah. SECTION 6: THE 
LAKE SUPERIOR DISTRICT. Location. Importance. General geology. The 
Marquette range. The Meiioiniiicc range. The Gogebic range. The Vemnllion 
range. The Mesabi range. The Ciiyuna range. SECTION 7: MINING THE LAKE 
ORES. Pro.specting and exploration. Drill exploration. Methods of mining. Open- 
pit mining. Haulage systems. Drilling and blasting. Waste dumps. Scramming. 
Drainage. Transporting and sampling of ores. Crushing and screening ore. Open- 
pit mining equipment. Shovels. Locomotives. Stripping cars. Tracks. Belt con- 
veyors. Electric power distribution. Shops. Safety. Advantages of open-pit 
mining. Beneficiation of ores. Underground mining. Importance. Underground 
haulage. Mining methods. Caving methods. Open-stoping methods. Grading the 
ores. Transporting tlie ores. Mining and grading in winter. Bibliography. 


Chapter 7 


Fluxes and Slags 172 

SECTION 1: FLUXES. Function of fluxes. Chemi.stry of fluxes. Acid fluxes. Basic 
fluxes. Alumina. Neutral fluxes. Sources of fluxing materials. Preparation of 
fluxes for use. SECTION 2: SLAGS. Metallurgical functions of slags. Secondary 
metallurgical uses of slag. SECTION 3: SLAGS AS BY-PRODUCTS. Specific 
uses of blast-furnace slag. SECTION 4: FUNCTIONS OF SLAGS AS SOIL CON- 
DITIONERS. SECTION 5: MANUFACTURE OF PORTLAND CEMENT. Raw 
materials. Dry and wet processes. The burning (calcining) operation. Bibliog- 
raphy. 


Chapter 8 


Refractories 180 

SECTION 1: Classification of Refractories. A. Siliceous Group. Quartzite. Sand- 
stone. Mica schist. Siliceous fireclays. B. Fireclay Group. Plastic fireclay. Flint 
fireclay. Nodular fireclay. Kaolms. C. High-Alumina Group. Bauxite and diaspore. 
Sillimanite, andalusite, and kyanite. I). Magnesium-Silicate Group. E. Magnesia- 
Lime Group. F. Chromite Group. G. Carbon Group. Preparation of Refractories. 
SECTION 2: A. MASSIVE REFRACTORIES. Raw state. Burned products. Chemi- 
cally bonded products (basic brick). Refractory concrete products. Electrocast 
products. B. GRANULAR REFRACTORIES. Raw state. Fired products. C 
FINELY DIVIDED OR PULVERIZED PRODUCTS. Raw state. Processed prod- 
ucts. SECTION 3: PHYSICAL AND CHEMICAL CHARACTERISTICS OF RE- 



THE MAKING. SHAPING AND TREATING OF STEEL 

irKACTORIES AND THEIR APPLICATION TO MEET SERVICE CONDI- 
TIONS. Fusion or softening temperature. Porosity and permeability. Bulk density 
anci true specific gravity. Thermal expansion and volume changes. Cold strength. 
Strength and behavior under load at high temperatures. Heat capacity and 
thermal conductivity. Resistance to thermal shock (spalling). Abrasion resistance. 
SKCTION 4: REACTIONS AT EI.EVATED TEMPERATURES. SECTION 5: SE- 
LECTION AND TESTING OF STEEL-PLANT REFRACTORIES. SECTION 6: 
SPECIFIC USES OF REFRACTORIES IN STEEL PLANTS. Blast furnaces and 
stoves. Hot-metal mixers. Basic open-hearth furnaces. Basic electnc-arc steel- 
making furnaces. Pouring-pit refractories. Soaking pits. Heating furnaces. Bibli- 
ography. 


Chapter 9 

Addition Agents Used in Stcelmaking 202 

Definitions. Use of addition agents. Storage facilities for addition agents. Com- 
positions of Common Addition Agents. Ferromanganese. Silicomangancse. Spie- 
gelelsen. Ferrosilicon. Fcrrochromium. Ferrovanadium. Ferromolybdenum. Fer- 
rotitanium. Zirconium. Ferrophosphorus. Nickel. Copper. Aluminum, Cobalt. 
Ferrocolumbium. Fcrroselenium. Tantalum. Tungsten. Sulphur. Carbon. “Hard- 
enability intensifiers.” 


Chapter 10 


Scrap for Steelmaking 204 

Types and sources of scrap. Home scrap. Purchased scrap. Physical preparation 
of scrap. Chemical composition of scrap. 

Chapter 11 

The Manufacture of Sponge Iron and Wrought Iron 20G 

SECTION 1: SPONGE IRON. SECTION 2: DIRECT PROCESSES FOR MAK- 
ING WROUGHT IRON. Historical background of direct processes. The Catalan 
process. The American bloomory. The sluckofen. SECTION 3: INDIRECT PROC- 
ESSES FOR MAKING WROUGHT IRON. Walloon process. South Wales process. 
Lancashire procc.ss. Hand puddling processes. SECTION 4: CONSTRUCTION OF 
THE HAND-PUDDLING FURNACE. SECTION 5: OPERATION OF THE 
HAND-PUDDLING FURNACE. SECTION C: ROLLING OF HAND-PUDDLED 
WROUGHT IRON, Shingling or squeezing the ball. Rolling the squeezed ball. 
Variables in tlio muck bar. Busheling. Piling. Double refining. SECTION 7: 
REACTIONS AND PROCESS LOSSES IN HAND-PUDDLING. SECTION 
8: MECHANICAL PUDDLING. Principles of mechanical puddling. SECTION 9: 

THE ASTON PROCF^SS. SECTION 10: COMPOSITION, STRUCTURE AND 
PROPERTIES OF WROUGHT IRON. Chemical composition of wrought iron. 
Macroscopic structure of wrought iron. Microscopic structure of wrought iron. 
Mechanical properties of wrought iron. 


Chapter 12 


The Manufacture of Pig Iron 220 

SECTION 1: HISTORY, PRODUCTION AND KINDS OF PIG AND CAST IRON. 

The importance of pig iron. Kinds and grades of pig iron. Chief metallic products 
of the blast furnace. SECTION 2: OUTLINE OF THE BLAST-FURNACE PROC- 
ESS. Furnace input and output. Functions of the charged materials. Parts of a 
blast-furnace plant. SECTION 3: CONSTRUCTION OF THE FURNACE 
PROPER, Foundation. Columns and base plates. Mantle. Shell. Hearth. Bosh. In- 
walls. Thick-wall type. Intermediate, or semi-thin, wall type. Thin-wall type. 
Relationship of furnace dimensions. Furnace linings. Water troughs. Top. Hoist- 
ing appliances. Top appliances for distributing the stock. Top openings. General 
considerations for top construction. SECTION 4: CONSTRUCTION OF FUR- 
NACE AUXILIARIES. Stoves. Dustcatcher and gas mains. Gas-cleaning plants. 
Wash-water disposal. Sintering plant. Cast house. Iron disposal. Slag disposal. 
Handling ore from vessel. Car dumper. Ore yard and ore bridges. Trestle and 
stockhouse. Blowers, boilers, pump houses, etc. Instrumentation and control. 
SECTION 5: OPERATION OF THE FURNACE. Drying. Filling. Lighting. Heat- 
ing the bottom. Heating the stoves. Blast control. Flushing and casting. Care of 
runners. Sampling the iron. Changing stoves. Charging the furnace. Fanning. 
Furnace irregularities. Distribution of stock. Breakouts. Copper losses. Variables 



CONTENTS 


xiii 


in furnace control. Banking. Blowing out SECTION 6: CHEMISTRY OF THE 
PROCESS. Reactions of oxygen and carbon. Carbon in pig iron. Silicon. Manga- 
nese. Phosphorus. Disposition of sulphur. Action of calcium and magnesium. Ac- 
tion of aluminum. Action of less abundant elements. Reactions within the furnace. 
Tracing the materials through the furnace. Conditions affecting silicon and sul- 
phur in the metal. SECTION 7: THE BLAST-FURNACE BURDEN. Burdening 
the furnace. Outline of a method for solving a burdening problem. The burden 
sheet. SECTION 8: DRY BLAST. OXYGEN ENRICHMENT, PRESSURE OP- 
ERATION, BENEFICIATED MATERIALS. Dry blast. Oxygen enrichment. Pres- 
sure operation. Beneficiated materials. Bibliography. 


Chapter 13 

Early Processes for Conversion of Iron into Steel 261 

SECTION 1: PROBABLE ANCIENT METHODS. SECTION 2: THE CEMENTA- 
TION PROCESS. SECTION 3: THE CRUCIBLE PROCESS: Manufacture of the 
crucibles. The crucible melting furnace. Charging the crucibles. Stages of 
the crucible process. Casting. Stripping and inspecting the ingots. Chemistry of the 
crucible process: SECTION 4: MODERN STEELMAKING PROCESSES. 


Chapter 14 

The Pneumatic Steelmaking Processes 266 

SECTION 1: INTRODUCTORY. General principles of steelmaking. Principles and 
types of pneumatic processes. Historical development. Characteristics of pneu- 
matic steels. SECTION 2: THE BOTTOM-BLOWN ACID (BESSEMER) PROC- 
ESS. Plant layout. The air blast. Bottom house. The converter or vessel. Refrac- 
tory lining. Bottom design. Life of bottoms. Cupolas. Hot-metal mixer. Sequence 
of operations. Ladles. Ingot molds. The stripper. Chemistry of the acid-Bessemer 
blow. Phosphorus and sulphur control. End-point evaluation. Temperature con- 
trol. Oxygen-enriched blast. Blowing time and quality. Deoxidation of acid- 
Bessemer steel. Carbon deoxidation. Manganese and silicon additions. Economic 
considerations. Investment costs. Scrap market conditions. Metal losses. Possible 
future trends. SECTION 3: THE BASIC BESSEMER OR THOMAS PROCESS. 
Historical. Composition of pig iron for basic process. Principal facilities. Mixer. 
Blowing equipment. The converter or vessel. Bottom design. Lining and bottom 
life. Sequence of operations. Chemistry of the Thomas process. Thermal require- 
ments. Temperature control. Deoxidation reactions. Nitrogen control. Control of 
end point. SECTION 4: THE SURFACE-SIDE-BLOWN ACID PROCESS. The 
converter and its auxiliaries. Sequence of operations. Oxidation reactions. Tem- 
perature control. Deoxidation reactions. Nitrogen control. Control of the end 
point. Oxygen and oxygen -enriched air for blast. SECTION 5: THE OXYGEN- 
BLOWN BASIC STEELMAKING PROCESSES. Mixers and blowing equipment. 

The converter or vessel. Sequence of operations. Temperature control. Deoxida- 
tion reactions. Nitrogen and end-point control. Bibliography. 

Chapter 15 

The Open-Hearth Processes 287 

SECTION 1: SOME GENERAL FEATURES OF THE SIEMENS PROCESS. 

Early history of the process. Principles of Siemens* pig and ore process. Mechani- 
cal changes and improvements in the Siemens process. Metallurgical improve- 
ments. Advantages of the Siemens process. The open-hearth process in the United 
States. SECTION 2: BASIC OPEN-HEARTH PLANT LAYOUT. Layout of the 
main furnace building. Charging side. Pouring floor cr pit side. Stockyard. Lean- 
to. Trackage. Mold yard. Miscellaneous facilities. SECTION 3: FURNACE CON- 
STRUCTION. Description. Parts of the open-hearth furnace and their arrange- 
ment. The furnace proper. The basic hearth. Bumed-in grain magnesite bottoms. 
Rammed magnesite or plastic chromite sub-hearths with burned-in working 
hearth. All-rammed bottoms. Basic hearth tap hole. The acid hearth. Acid hearth 
tap hole. Making the acid bottom. Front walls and doors. Back wall. Main roof. 

Port ends. Slag pockets. Regenerator (checker) chambers. Forced draft fans. 

Flues. Valves. Waste-heat boilers. Stacks. SECTION 4: OPERATION OF A 
BASIC OPEN HEARTH. Purifying the metal. Furnace attendants and their du- 
ties. Charging. “Fifty-fifty** practice. High molten pig iron practice. Melting down 
the charge. Melting down after molten pig iron addition. Working or refining 
period. Duration of varioiis periods in production of basic open-hearth steel. SEC- 
TION 5: TAPPING AND POURING. Tapping. Ladles, Ladle nozzles. Stopper- 



XIV 


THE MAKING. SHAPING AND TREATING OF STEEL 

rod assembly. Pouring. Tun dish or basket pouring. Bottom pouring. Sampling 
ihc steel. Ingot molds. Ingot height. SECTION 6: KEEPING THE BASIC OPEN- 
HEARTH FURNACE IN REPAIR. Preparation of the furnace for the next charge. 
Furnace troubles. Repair materials. SECTION 7: FACTORS AFFECTING 
ECONOMY OF FURNACE OPERATION. Fuel consumption. Rale of steel pro- 
duction. SECTION 8: THE CHEMISTRY OF BASIC OPEN-HEARTH MELTING. 
Chemistry of the ore boil. Oxidation and neutralization of silicon and manganese. 
Behavior of sulphur during melting and the ore boil. Chemistry of the lime boil. 
Preliminary adjustments of the slag; objects of the run-oiT. Chemistry of the 
working period. Limitations of the various systems of control. Laws of chemical 
action. Composition of slags. Slag composition in relation to refining reactions. 
Chemistry of the finishing period. Relation of carbon to oxygon in the metal. 
Chemistry of steel in the ladle and molds. Nonmetallic inclusions. Refractory ma- 
terial. Oxygen and sulphur. SECTION 9: OPERATION OF AN ACID OPEN- 
HEARTH FURNACE. Materials for the charge. Proportion of scrap to pig iron. 
Grade of scrap and iron for the charge. Manner of charging. Melting. Adjusting 
conditions after melting. Working the heat. Finishing acid open-hearth steel. 
Tapping. Additions to the heat. Teeming. Preparation of the furnace for the next 
charge. SECTION 10: CHEMISTRY OF THE ACID OPEN-HEARTFI FURNACE. 
Chemistry of melting. Purifying reactions. Elimination of carbon during the melt- 
ing period. Chemistry of the boll. Bibliography. 


Chapter 16 


Electric Furnace Steelmaking 334 

SECTION 1: DEVELOPMENT AND PRESENT STATUS OF ELECTRIC MELT- 
ING FURNACES. Methods of electric heating. Historical development of electric 
melting furnaces. Direct-arc furnaces. Indirect-arc furnaces. The induction fur- 
nace. Electric reduction furnaces. Furnaces of special design. Field of application 
of electric-arc furnaces. General compaipson of basic and acid electric-arc- 
furnace processes. Cold scrap vs. hot metal. Advantages of the electric-arc fur- 
nace. Disadvantages of the electric-arc furnace. SECTION 2: DIRECT-ARC 
ELECTRIC FURNACES AND AUXILIARIES. Mechanical parts. Capacity of fur- 
naces. The furnace shell and lining. Charging methods. Top-charged furnaces. 
Door-charged furnaces. Auxiliary equipment. Pouring facilities. Ladle drying and 
preheating. Stopper drying. Hot-top drying. Electrodes. Soderberg electrodes. 

The power transformer. Tap changers. Reactors. Size of transformers. The second- 
ary circuit. The primary power supply with circuit breaker. Control of power sup- 
ply to the charge. Operator’.s control panel. Power requirements. SECTION 3: 

THE BASIC ELECTRIC-ARC FURNACE PROCESS. Stocking and charging fa- 
cilities. Utilization of steel scrap. Scrap segregation. Methods of insuring proper 
segregation of scrap. Physical requirements of scrap. Selection of scrap charge. 
Charging the furnace. Melt-down and/or oxidizing period. Refining. Induction 
stirring. Tapping. Ladle practices. Mold practice. Pouring practice. Repairs to 
furnace bottom and banks. Electrode adjustments. Slag control in the basic proc- 
ess. SECTION 4: THE ACID ELECTRIC-ARC FURNACE PROCESS. Melting 
the charge. Working the heat. SECTION 5: INDUCTION ELECTRIC FURNACE 
PROCESSES. Melting the charge. Advantages of induction melting. Disadvan- 
tages of induction melting. SECTION 6: VACUUM AND ATMOSPHERE MELT- 
ING. Bibliography. 


Chapter 17 

Duplex and Triplex Steclmaking Processes 359 

SECTION 1: DUPLEX PROCESSES. Definition. Tilting open-hearth furnaces. 
Description of duplex plant. Continuous process maintaining a dominant pool. 
Preparing the furnace for charging. Cycle of operations. Advantages of the proc- 
ess. Deficiencies of the dominant pool method. The dry bottom or single heat du- 
plex process. The charge. Working the heat. The slag. Combination scrap and 
blown metal method. Advantages and disadvantages of the duplex processes. 
SECTION 2: TRIPLEX PROCESSES. Bibliography. 

Chapter 18 


Castings — Stetl and Iron 366 

SECTION 1: STEEL CASTINGS. Casting compared with other forms of shaping 
steel. Composition and mechanical properties of cast steels. Making steel for 
castings. Molding for casting steel. Patterns and molds. Making the mold. Machine 



CONTENTS 


XV 


molding. Cored molds for hollow castings. Gales, risers and vents. Steel casting 
and finishing operations. Shaking out, cleaning, finishing and testing. Heat treat- 
ment of steel castings. Annealing. Normalizing. Quenching and tempering. Flame 
hardening. Heat and corrosion -resistant steel castings. Highly alloyed steels. 
Typical applications. Melting. Molding. Finishing operations. Methods of sampling 
and testing. Precision steel castings. SECTION 2: IRON CASTINGS. Pig iron for 
castings. Iron composition vs. properties. Forms of carbon in pig iron. Influence of 
silicon. EfTects of manganese. Influence of sulphur. Influence of phosphoru.s. Ef- 
fects of chromium. Influence of nickel. Influence of copper. ETEect.s of molyb- 
denum. Effects of titanium and aluminum. Influence of vanadium. Effects of spe- 
cial additives. Iron-foundry melting methods. The cupola. The air furnace. The 
electric furnace. Kinds and uses of iron castings. Chilled-iron castings. Malleable 
castings. Alloyed castings. Gray-iron castings. Nodular-iron castings. Iron- 
foundry molding and casting practice. Testing of cast iron. Bibliography. 


Chapter 19 


Plastic Deformation of Steel 385 

SECTION 1: INTRODUCTORY. Objectives of mechanical treatment. Crystalline 
nature of steel. Elasticity and plasticity. Mechanism of plastic deformation. Strain 
hardening. Recovery. Recrystallization. Hot working and cold working defined. 
SECTION 2: HOT WORKING AND ITS EFFECTS. Finishing temperature. Fiber 
and banding. Principal methods for hot working. Hammering. Pressing. Extrusion. 
Mechanical forging. Upsetting. Hot rolling. Miscellaneous hot-working methods. 
Comparison of methods for hot working. SECTION 2: COLD WORKING AND 
ITS EFFECTS. Principal cold -working methods. Cold rolling. Cold drawing. Cold 
extrusion. Bibliography. 


Chapter 20 

Ingots and Their Preparation for Rolling 391 

SECTION 1: INGOT CHARACTERISTICS. Ingots. Ingot characteristics. Nature 
of the cooling of an ingot. Time for solidification of ingots. SECTION 2: TYPES OF 
INGOT STRUCTURES. Pipe. Blowholes. Segregation. Columnar structure. In- 
ternal fissures. Ingot cracks. Nonmetallic inclusions. Scabs. Mold coatings. SEC- 
TION 3: CONTROL OF INGOT STRUCTURE. Sleelmaking and deoxidation 
practices. Rimmed steels. Capped steel. Semi-killed steel. Killed steel. SECTION 
4: HEATING INGOTS FOR ROLLING. Function of soaking pits. “Burning” of 
ingots. Overheating of killed and semi-killed non-hot-topped ingots. 


Chapter 21 

Construction and Operation of Heating Facilities 399 

SECTION 1: PRINCIPLES OF FURNACE DESIGN. Objectives and general 
metallurgical requirements. Basic elements of furnaces. Furnace size and capacity. 
Furnace type and .shape. Thermal effciency. Materials of construction. SECTION 
2: SOAKING-PIT FURNACES. Introductory. Types of soaking-pit furnaces. 
Auxiliary facilities- Ingot pit cranes. Ingot delivery facilities. Mill delivery facili- 
ties. Cinder removal facilities. Fuel, air and draft facilities. Objectives in modern 
soaking-pit design. Modem heating practices. Operating statistics. SECTION 3: 
REHEATING FURNACES. Furnace types. General considerations in furnace- 
type selection. Operating statistics. SECTION 4: HEAT-TREATING FURNACES. 
General design requirements. Method of heat application. Atmosphere control. 
Batch-type furnaces. Continuous furnaces. 


Chapter 22 

Construction and Operation of Rolling Mills 420 

SECTION 1: TYPES OF MILLS. General classification. Arrangement of mills. 
Specialty mills. SECTION 2: ROLIJNG MILL ACCESSORIES. Lead spindle. 
Spindles. Bearings. Roller bearings. Chock bearings. Arrangement of tlie chocks. 
Housings. Screw-down mechanism. Edgers or edging rolls. Front and back roller 
tables. Manipulators. Guides and guards. Roll-changing devices. 



XVI 


THE MAKING, SHAPING AND TREATING OF STEEL 

Chapter 23 


Rolling Mill Roll Manufacture 

Sf:CTION 1: ROLLING-MILL ROLL DESIGN. Principal parts of rolls. Procedure 
jn designing. Elements of good roll design. SECTION 2: CASTING OF ROLLING- 
MILL ROLLS. Stccl-basc rolls. Cast sled rolls. Built-up rolls. Forged-steel rolls. 
Iron -base rolls. Chill rolls. Grain-iron roils. Composite or overflowed rolls. 
Ductile-iron rolls. Bibliography. 


Chapter 24 

Mill Drives and Power Requirements 441 

SECTION 1: INTERRELATION BETWEEN ELECTRIC-POWER SUPPLY AND 
THE DEVEI.OPMENT OF MAIN MILL DRIVES. SECTION 2: DEVELOPMENT 
OF MAIN MILL DRIVES. SECTION 3: POWER REQUIREMENTS IN THE 
STEEL INDUSTRY. Power requirements for various operations in the production 
of sled. SECTION 4: FACTORS WHICH AFFECT THE SIZE AND TYPE OF 
MAIN-DRIVE MOTORS. SECTION 5: TYPES OF MOTORS FOR MAIN 
DRIVES. Synchronous motors. Squirrel-cage motors. Wound-rotor induction 
motors. Direct-current motors. SECTION 6: FLYWHEELS— HOW THEY WORK 
AND WHERE THEY ARE USED. Energy stored in a flsrwheel. Amount of energy 
available for regulation. Acceleration and retardation of the wheel. Induction- 
motor characteristics. Motor load curves. SECTION 7: VARIOUS MEIANS FOR 
OBTAINING ADJUSTABLE SPEEDS. Control of two-speed AC motors. AC- 
motor speed control by secondary resistance. Variable speed controls for AC 
motors. Variable speed controls for DC motors. Ward-Leonard control. Relay and 
continuous-feedback systems. Rotating regulating systems. Magnetic-amplifier 
regulating system. Electronic control dements. SECTION 8: REVERSING -MILL 
DRIVES. General characteristics. The flywheel motor-generator set. SECTION 9: 
THREE-HIGH MILL DRIVES. SECTION 10: CONTINUOUS-MILL DRIVES. 

Wide hot-strip mills. Tandem cold-reduction mills. Continuous billet mills. Con- 
tinuous bar mills. Continuous rod mills. Continuous seamless-tube mill. SEC- 
TION 11: MOTOR-ROOM VENTILATION. SECTION 12: AUXILIARY DRIVES. 

Table rollers. Screw-downs. Manipulators and side guards. Blooming-mill shears. 
SECTION 13: FUTURE DRIVES. Bibliography. 


Chapter 25 

Rolling of Steel Ingots to Blooms, Slabs and Billets 463 

SECTION 1: PRODUCTION OF BLOOMS AND SLABS. Introductory. General 
features of blooming and slabbing mills. Primary-mill activities. Two- high re- 
versing mill. Two-high tandem mill. Three-high mill. Operating units comprising 
a blooming mill. Rolling. Shearing. Combinations of conventional -type mills for 
special purposes. Two two-high reversing mills in tandem. Tandem f nd three- 
high mill in tandem. Four-stand and five-stand tandem mills in tandem. Design 
of blooming-slabbing mill roll stands. Foundations. Stand design. Roll design and 
rolling procedures. Roll design. Effect of pass design on rolling procedures. Con- 
vexity of passes. Depth of passes. Bearings. Roll-opening indicators. Roll -chang- 
ing devices. Cooling water. Manipulators. SECTION 2: PRODUCTION OF BIL- 
LETS. Development of the billet mill. Types of billet mills. Three-high billet mills. 
Cross-country billet mills. Advantages of cross-country mills. Continuous billet 
mills. Six-stand continuous mill at Lorain Works. Four-stand continuous mill at 
Lorain. Hot-scarfing machines. Roll adjustment. Shears. Identification of billets. 
Bibliography. 


Chapter 26 

Preparation of Semi-finished Steel for Finishing 493 

SECTION 1: SURFACE DEFECTS ON SEMI-FINISHED STEBL. Ingot cracks. 

Scabs. Scams, Cinder patch. Burned steel. Laps. SECTION 2: INSPECTION, Bases 
for inspection. Pickling for inspection. SECTION 3: REMOVAL OF DEFECTS. 

Hand chipping. Machine chipping. Scarfing. Hand scarfing of cold steel. Mechani- 
cal scarfing of hot steel. Grinding. Material handling. SECTION 4; CONTROLLED 
COOLING OF SEMI-FINISHED PRODUCTS. Purposes. Nature and prevention 
of flakes. Development of controlled-cooling practices. Bibliography. 



CONTENTS 


xvii 


Chapter 27 


Rolling of Carbon-Stccl Plates 503 

SECTION 1: PLATE-MILL OPERATIONS AND PRODUCTS. Mill operations. 
Heating. Descaling methods and equipment. SECTION 2: GENERAL TYPES AND 
OPERATING CHARACTERISTICS OF PLATE MILLS. Two-high pull-over 
mills. Two-high single-stand reversing mills. Three-high mills. Four-high re- 
versing mills. Tandem mills. Semi-continuous and continuous mills. Universal 
mills. Plate-rolling variables. Leveling. Cooling. Shearing. Identification, inspec- 
tion, and loading. SECTION 3: DESCRIPTIONS OF TYPICAL EXISTING 
PLATE MILLS. Thrcc-high plate mill. The 160-inch mill at Gary Works. Four- 
high reversing plate mill. Homestead District Works 160-inch four-high mill. 

Semi -continuous plate mill. The 100-inch semi-continuous plate mill at Home- 
stead District Works. Continuous plate mill. The 96-inch four-high continuous 
plate mill at South Works. Universal plate mill. The 30-inch universal plate null 
at South Works. 

Chapter 28 

Railroad Rails and Joint Bars 523 

SECTION 1 : ROLLING OF RAILROAD RAILS. Historical development of rail 
sections. Mills for rolling rails. Methods of rolling. Designing the rolls for rails. 
Stages of redaction. The section. Roll preparation. Rolling practice. Standard rails. 
Girder rails. Crane rails. Light rails. Finishing operations for standard rails. Cut- 
ting and cambering. Marking and brariding. Controlled cooling. Testing of stand- 
ard rails. Fini.shmg operations. End hardening. Finishing and inspection of crane 
rails. Fmi.shing and inspection of girder and light rails. SECTION 2: THE ROLL- 
ING OF RAIL- JOINT BARS, Types of rail joints. Present rail joints. Problems 
in rolling rail -joint bars. Finishing joint bars. Cold- worked joint bars. Hot- 
worked joint bars. Hot-worked and oil-quenched joint bars. Welded rail joints. 


Chapter 29 

Structural and Other Shapes 532 

SECTION 1: EQUIPMENT FOR PRODUCING SHAPES. SECTION 2: ROLLING 
METHODS AND PROCEDURES. SECTION 3: FINISHING AND INSPECTION. 
Bibliography. 

Chapter 30 

Mcrehant-Bar Production 540 

SECTION 1: MITJ.S AND THEIR PRODUCTS. Evolution of the bar mill. Mills 
for rolling light, narrow and flat material. Rail-slifting mills. Roll design for bar 
mills. SECTION 2: FINISHING AND SHIPPING MERCHANT-MILL BAR 
PRODUCTS. Coordination of finishing and .shipping functions. Bar finishing pro- 
cedures and equipment. Relation of mill delivery equipment to subsequent finish- 
ing operations. Methods of cutting product to length. Machine straightening. 
Sizing, turning and centerless grinding. Processing bar coils. Pickling. Stationary 
or vat pickling. Temperature of the pickling bath. Inhibitors. Common pickling 
diniculties. Grit blasting. Bar inspection and testing. Conditioning methods and 
equipment. Narrow flat-rolled products. Band, hoop and cotton tie. Concrete rein- 
forcing bar. Packaging and loading. Material-handling equipment. SECTION 3: 

HEAT TREATING CARBON AND ALLOY BAR STOCK. Processes and their 
effects. Annealing. Full annealing. Isothermal annealing. Process or subcritical 
annealing. Spheroidization. Normalizing. Quenching and tempering. Heat-treat- 
ing plants. Furnaces. Control of temperature. Methods of loading. Auxiliary 
equipment. Bibliography. 

Chapter 31 

Production of Wrought-Steel Wliccls 568 

Introduction. Parts and classification of wrought-steel wheels. Classes of 
wrought-steel wheels. Outline of methods for forming solid wrought-steel wheels. 
Preparation of blocks. Forging of wheel blanks. Heating the blocks for forging. 

First forging of the block. Second forging. Punching the hub bore. Rolling opera- 
tions on wheels. Reheating the blanks for rolling. The rolling mill. The rolling 
process. Effect of rolling. Finishing wrought-steel wheels. Stamping. Punching 



xviii 


THE MAKING, SHAPING AND TREATING OF STEEL 

wob boles. Coning. Controlled cooling. Inspection of wheels. Machining and final 
inspection. Heat treatments for wrought-steel wheels. Bibliography. 


Chapter 32 


Production of Railroad Axles 578 

General. The axle works. Methods of forming axles. Inspection of the blooms. 
Heating the blooms. The forging operation. Finishing processes for axles. 
Straightening. Cutting-off and centering. Rough turning. Boring. Axle heat- 
treating plant. Heat-treating furnaces. Advantages of heat-treating axles. Testing 
equipment. Bibliography. 


Chapter 33 

The Manufacture of Hot-Strip Mill Products 583 

SECTION 1: HISTORICAL DEVELOPMENT. SECTION 2: CLASSIFICATION 
OF FLAT-ROLLED STEEL PRODUCTS. Flat hot-rolled finished products classi- 
fied. Flat cold-rolled products classified. SECTION 3: SOURCES AND TYPES 
OF STEEL FOR SHEETS. STRIP AND TIN PLATE. Chemical compositions. 
Steelmaking processes. Slabs. SECTION 4; CONTINUOUS IIOT-STRIP MILLS. 
Development and output. General arrangement of modern mills. Control of fin- 
ished product quality. A modern wide continuous mill. Product disposition. 
Metallurgy of hot strip. SECTION 5: HAND HOT MILLS. Development. Process. 
Equipment and operation. SECTION 6: OXIDE REMOVAL (PICKLING AND 
SHOT BLASTING). Necessity for removal. Type of oxide. Pickling. Process 
description. Inhibitors. Wetting agents. Continuous pickling lines. Batch pickling. 

Shot blasting. Bibliography. 


Chapter 34 

Manufacture of Cold-Reduced Flat-Rolled Products 602 

SECTION 1: PRINCIPLES OF COLD REDUCTION. Introduction. Sequence of 
operations in cold reduction. SECTION 2: ROLL ARRANGEMENT FOR COLD 
REDUCTION. SECTION 3: TYPICAL MILL LAYOUTS. Four-high tandem mills. 
Four-high reversing mills. Two-high cold mills. SECTION 4: DISPOSITION OF 
PRODUCT. SECTION .*>: COLD-REDUCED STRIP CLEANING. SECTION 6: 

HEAT TREATMENT OF COLD-REDUCED STEEL. Purposes and types of heat 
treatment, SECTION 7: EFFECTS OF HEAT TREATMENTS ON MICRO- 
STRUCTURE. Box annealing. Normalizing. Continuous annealing. Bibliography. 


Chapter 35 


Theory of Corrosion 615 

SECTION 1: CAUSES OF CORROSION. The mechanism of corrosion. Factors 
which affect corrosion rate. Moisture. Salts. Acids. Alkalis. Oxygen and oxidizing 
compounds. Sulphur compounds. High temperatures. Galvanic action. Stray cur- 
rents. Concentration colls. Stress. Abrasion, erosion and cavitation. Other surface 
effects. Metallurgical factors. SECTION 2: METHODS OF PREVENTING COR- 
ROSION. Material selection. Appropriate design. Protective coatings. Treatment 
of environment. Cathodic protection. Periodic cleaning. Bibliography. 


Chapter 36 


Protective Coatings for Steel 620 

SECTION 1: PURPOSE OF PROTECTIVE COATINGS. Functional coatings. 
Coatings combining decorative and protective properties. SECTION 2: PREPA- 
RATION OF STEEL FOR APPLICATION OF COATINGS. Importance of clean 
surface. Pickling. Shot or sandblasting. Alkaline cleaning. Solvent degreasing. 
SECTION 3: METALLIC PROTECTIVE COATINGS. Methods of applying metal- 
lic coatings. Hot-dip processes. Metal spraying. Metal cementation. Metal clad- 
ding. Fusion welding of coatings. Electroplating. Miscellaneous metallic coatings. 
SECTION 4: SURFACE CONVERSION COATING. SECTION 5: CHEMICAL 
TREATMENT OF STEEL SURFACES. SECTION 6: CHEMICAL TREATMENT 
OF METALLIC COATINGS. SECTION 7: VITREOUS-ENAMEL COATINGS. 
SECTION 8: MISCELLANEOUS INORGANIC COATINGS. SECTION 9: OR- 
GANIC COATINGS. BibUography. 



CONTENTS 


xlx 


Chapter 37 


The Manufacture of Tin Plate 630 

SECTION 1: PRODUCT TERMINOLOGY. Black plate. Tin plate. Hot-dipped tin 
plate. Electrolytic tin plate. Symbols and definition of base box. SECTION 2: OC- 
CURRENCE, MINING AND REFINING OF TIN. Occurrence. Mininjt. Refining. 
Properties and uses of tin. SECTION 3: USES AND IMPORTANCE OF TIN 
PLATE. SECTION 4: PROCESSING OF STEEL FOR TIN PLATE. Ty]K s of steel 
used. Equipment and practice. SECTION 5: HOT-DIPPED TIN PIRATE. Shearing 
practice. White-pickling practice. Electrolytic pickling. The hot-tip tinning op- 
eration. Coke tin plate. Tinning-roll practice. Hot-dipped tin plate coating 
weights. Coke tin plate. Charcoal tin plate. Silver tin. Sampling. Heavy-gage tin 
plate. Manufacture of charcoal tin plate. Assorting of hot-dipped tin plate. SEC- 
TION 6: ELECTROLYTIC TIN PLATE. Introduction. Basic principles of elec- 
trotinning. Commercial electrolytic tinning equipment. SECTION 7: METAL- 
LURGICAL ASPECTS. General. The steel base. The tin -iron alloy layer. The 
tin layer. The tin-oxide layer. The oil film. Application of oil films to elec- 
trolytic tin plate. SECTION 8: CORROSION RESISTANCE. Atmospheric corro- 
sion. Discoloration of the interior of cans. Hydrogen-producing corrosion. Char- 
acteristics of tin plate aflccting its corrosion. Characteristics of the steel base 
affecting the corrosion of tin plate. Effect of tin coating thickness on corrosion of 
tin plate. Lacquered tin plate. Bibliography. 

Chapter 38 

Long Tcrne Sheets and Terne Plate 655 

Long terne sheets. Long terne coatings. Composition and preparation of steel 
base. Long terne coating api^lication. Inspection and testing of long terne sheets. 
Continuous strip production of long ternes. Applications for long terne sheets. 

Terne plate. Bibliography. 


Chapter 39 

Production of Galvanized Sheet and Strip 660 

SECTION 1; GENERAL. Production and uses of galvanized sheet and strip. 
Factors influencing effectiveness of galvanized coatings. Coating weight and gage 
requirements. General quality designation. Specialty products. SECTION 2: 
METALLURGICAI. FEATURES OF THE HOT-DIP GALVANIZING PROC- 
ESSES. Processes employed. Characteristics of hot-dipped coatings. Coating metal 
used in hot-dip galvanizing. Steels used for hot-dip galvanizing. Mill treatment of 
steel prior to galvanizing. Special finishes. SECTION 3: HOT-DIP SHEET GAL- 
VANIZING. Pickling for sheet galvanizing. Equipment for sheet galvanizing. 
General arrangement and operation of a .sheet-galvanizing line. SECTION 4: 
CONTINUOUS (STRIP) HOT-DIP GALVANIZING. General arrangement and 
operation of continuous galvanizing lines. SECTION 5: TESTING GALVANIZED 
SHEETS. Weight of coating determination. Bend tests. Beading tests. Lockseam 
test. Tensile properties determination. Hardness tests. Ductility test. Ferritic 
grain -size determination. Bibliography. 


Chapter 40 

The Manufacture of Steel Wire and Steel Wire Products 674 

SECTION 1: HISTORY AND IMPORTANCE OF STEEL WIRE. Historical. Pres- 
ent importance of steel wire industry. Principal uses of steel wire. Early method of 
manufacture. SECTION 2: CLASSIFICATION OF STEEL WIRE. Bases for classi- 
fication. Kinds and composition of steel used for wire. Wire shapes. Sizes of wire. 
Classification of common round wire according to size. Surface finishes of wire. 
Temper of wire. SECTION 3: ROLLING THE WIRE ROD. The wire rod. Types 
of rod mills. The continuous rod mill. The Morgan mill. Modem continuous rod 
mills. Layouts for rolling small billets. The looping continuous rod mill. Layouts 
for rolling 4-inch by 4-inch billets. Operation of continuous rod mills. The Gar- 
rett rod mill. Accessories to Garrett’s mill. Number of strands. Floors. Layouts of 
Garrett mills. Combination mills. The double Belgian mill. Continuous and loop- 
ing mills compared. Rolls for rod mills. Designing the passes. Housings and 
guides. Rod reels. Defects in rods. SECTION 4: OUTLINE OF THE WIRE- 
DRAWING PROCESS. Preparing the rod for drawing. Drawing the rod. Draft, 
drawing and process wire. Dry drawing and wet drawing. Types of wire. SEC- 
TION 5: PROCESSES AND EQUIPMENT FOR PREPARING RODS AND WIRE 



XX 


THE MAKING, SHAPING AND TREATING OF STEEL 

FOR DRAWING. Importance of cleaning. Method of cleaning. Manner of handling 
the material. Types of cranes. Construction of tanks. Arrangement of tanks. Con- 
corit ration of acid. Temperature for cleaning. Inhibitors. Time of cleaning. Rinsing. 
Coatings. Process for lime coating. Coatings for dry drawing. Baking. SECTION 
WIRE-DRAWING EQUIPMENT. Dies. Die holes. Diamond dies. The block. 
Drawing machines. Drawbench. Bull blocks. Motor blocks. Continuous machines. 
Intermediate machines. Fine- wire machines. Drawing frames. Auxiliary equip- 
ment. Pay-off reels. Welders. Safety stop. Pointers. “Turks-head” shaped-wire 
drawing machine. Heating effect in wire drawing. SECTION 7: WIRE-DRAW- 
ING PROCESSES AND OPERATIONS. Results of cold drawing. Effect of draw- 
ing upon mechanical properties. The cause of these changes. Limitations of draw- 
ing. Dry drawing. Dry drawing low-carbon coarse wires. Drawing single-draft 
coarse wires. Drawing two-, three-, and four-draft wires. Drawing five- and six- 
draft wire. Drawing No. 14, 15 and 16 wires. Drawing high-carbon, or special 
wires. Wet drawing. Manner of handling material for wet drawing. Number and 
sequence of operations for fine-wire drawing. Drawing copper wire. Precautions 
in drawing — proper alignment of the die. Drawing limits and tolerances. Special 
finishing operations. Straightening and cutting wire. Whirls. Roll straighteners. 
Stretching machines. Inspection and testing. Importance of inspection. Final tests 
on wires. Defects in wire. Size and shape. Internal defects. Surface defects. Me- 
chanical properties. SECTION 8: HEAT TREATMENT OF WIRE. Heat-treating 
processes. Importance and purposes of annealing. Normalizing (cycle annealing). 
Annealing for definite structures. Process annealing to soften hard-drawn wires. 
Process annealing. Size of grains. The conditions for process annealing. Time and 
temperature for annealing. Methods of annealing wire. Muffle annealing. Salt- 
bath annealing. Pot annealing. Equipment for pot annealing. Advantages of pot 
annealing. Continuous lead annealing. Advantages of lead annealing. Principal 
use of lead annealing. Patenting. Methods of patenting. Properties of patented 
wires. Hardening and tempering. Methods of hardening and tempering wire. 
Austeinpering. SECTION 9: PROTECTIVE METALLIC COATINGS. Kinds of 
coatings. Wire galvanizing. Advantages of galvanizing. Processes preliminary to 
hot galvanizing. Apparatus for hot galvanizing. Wiping the wire. Cooling the 
coated wire. Coiling the wire. Some features of the operations for hot galvanizing. 
Quality of the zinc coat. Structure of the zinc coat. Elcctrogalvanizing. Equipment 
for elcctrogalvanizing. Operation of the process. Factors in controlling the thick- 
ness of the coat. Tests for galvanized coatings. Methods of carrying out the copper 
sulphate test. Principles of the test. Value of the copper sulphate test. Wire tin- 
ning. Aluminum coatings. SECTION 10: TYPICAL FINISHED WIRES FOR 
MANUFACTURING PURPOSES. Common wires. Bright Bessemer wire. Bright 
basic wire or bright hard ba.sic wire. Bright soft basic wire. Medium classifica- 
tions. Annealed wires. Cold-heading wire. Liquor-finished fine and weaving wire. 
Welding wire. Scratch brush wire. Market wire. Uses of common wire. High- 
carbon or special wires. Rope wire. Music wire. Piano wire. Tinned and liquor- 
finish P.S.R. tire wire. Spoke wire. Valve spring wire. Tempered wire. Tinned 
armature-binding wire. Metal-stitching wire. Other special wires. Stainless steel 
wire. Stainles.s cold-rolled strip steel. Cold-rolled carbon steel strip. Flat wire. 
SECTION 11: SOME FABRICATED STEEL-WIRE PRODUCTS. Importance of 
fabricated wire products. Wire nails. Nail machines. The head. Feeding. Pinching. 
Cutting, Expelling. Finishing common nails. Wire fence. Woven-wire fence. 
Barbed-wire fence. Concrete reinforcement. Prestressed concrete. Bale tics. Wire 
rope. Fabrication of wire rope. Stranding. Laying or closing. Types of wire ropes. 
Wire springs. Compression springs. Extension springs. Helical springs. Torsion 
springs. Upholstery springs. Clock and motor flat springs. Jig springs and specially 
formed wires. Spring terms. Bluing. Tested springs. Scale testing. Pitch. Active 
and inactive coils. Initial tension. Bridge wire. Bibliography. 


Chapter 41 

Manufacture of Steel Tubular Products 

SECTION 1: HISTORY AND CLASSIFICATION OF STEEL TUBULAR PROD- 
UCTS. Events leading to development of the butt-weld process. First seamless 
tubes. Innovations by Briggs and Riverside Iron. The present importance of the 
steel tubular industry. Classification of steel tubular products. Modern methods 
of manufacturing welded tubular products. Seamless tubular products. Pipe. 
Varieties of pipe. Sizes of pipe. SECTION 2: BUTT- WELDED PIPE. Conventional 
butt -weld process. Rolling the skelp. Example of a skelp mill. Operation of the 
mill. Shearing the skelp. The butt-welding furnace. The welding machine. Op- 
eration of the butt-welding furnace. The hot finishing of pipe. The sizing rolls. 
The stretch-reducing mill. Straightening rolls. Continuous butt-weld process. 
Production of skelp. Uncoiling the skelp. Welding unit for joining ends of coils. 


724 



CONTENTS 


xxi 


“Looping*' the skelp. Furnace “threading.” The butt-welding furnace. Forming, 
welding and reducing mills. Hot sawing and preliminary cooling. Sizing, cooling 
and inspecting. SECTION 3: ELECTRIC-RESISTANCE- WELDED TUBING. 
Steps in manufacture. Slitting. Forming. Welding the tube. Sizing the welded tube. 
Finishing. SECTION 4: ELECTRIC -WELDED LARGE DIAMETER PIPE. Ap- 
plications of the process. Steps in manufacture. Shearing and planing. Crimping. 
Bending. Welding. Sizing or expanding. Finishing. SECTION 5: SEAMLESS 
STEEL TUBULAR PRODUCTS. Historical. Scope and requirements of seamless 
tube products. Steelmaking practices. Rolling mills. Sequence of operation.s. The 
Mannesmann machine. The operation of piercing. The action of the rolls. The 
principle involved in forming the cavity. Flow of the metal in piercing. Double 
piercing. Rotary rolling. The plug rolling mill. The operation of plug rolling. 
The reeling machine. Sizing the tube. Warm working. Spray-quenched deep well 
casing. Cold-expanded seamless pipe. The continuous seamless process. Rolling 
heavy-wall tubing. Seamless fabricating practices. SECTION 6: COLD-DRAWN 
OR COLD-FINISHED TUBES. Principle of cold drawing. The draw bench. Pre- 
liminaries to cold drawing. The cold-drawing operations. The tube reducing or 
Rockrite process. Principle of Rockrite process. The Rockrife machine. Pre- 
liminaries to Rockriting. Rockrite machine operation. Annealing and redrawing. 
Finishing operations on cold-drawn annealed tubes. Mechanical tubing. Pressure 
tubing. Dimensional tolerances of cold-drawn mechanical tubing. Surface finishes. 
Hot finished. Normalized. Soft annealed. Medium annealed. Finish annealed. 
Hard drawn (unannealed). Ellwood B.F. (Bright Finish). Bright annealed. Spe- 
cially smooth (cylinder finish). Pickled finish. Sandblasted finish. Polished fin- 
ishes. Annealing of plain low-carbon steel tubing. Hot-finished tubing. Finish 
anneal. Soft annealing. Cold-drawn tubing. Medium anneal. Normalizing. SEC- 
TION 7: THE CUPPING PROCESS. Applications of the process. Chief details of 
the cupping process. Hot drawing the cupped piece. Forming cylinders. Spinning. 
SECTION 8: HOT EXTRUSION. Historical. Advantages of hot extrusion. The 
extrusion press. The extrusion operations. Piercing billets. Operation of the press. 
Tooling. Power supply. Finishing operations. SEc5tION 9: FINISHING OPERA- 
TIONS. Straightening. Inspection and cutting. Pipe joints. Joints with threads and 
couplings. Threading pipe. Chip space. Clearance. Lead or throat. Number of 
chasers. Dies. Lubricant. Gaging pipe threads. Coupling forgings. Finishing steel 
couplings. To.sting the pipe. Oiling. Types and uses of joints. Upsetting. Internal 
upset casing with long couplings. Seamless buttress-thread casing (nonupset). 
A.P.I. casing with long coupling. A P.I. standard casing. A.P.I. line pipe. A.P.I. 
external upset tubing. A.P.I. standard tubing. A.P.I. internal upset drill pipe. 
Standard pipe. Flanged joints. Threaded flange joint. Vanstone type flanged 
joint. Expanded end for welding and double expanded ends for welding Dro.s.ser- 
type joints. Victaulic joint. Galvanizing. Value of zinc coating for pipe. Bibliog- 
raphy. 


Chapter 42 

Principles of Heat Treatment of Steel 

SECTION 1: METALLOGRAPHY. The importance of heat treatment. The science 
of heat treatment. The conslituenls of steel. Ferrite. Cementite. Austenite. Pcarlite. 
The iron-carbon equilibrium diagram. Ledeburite. Graphite. The iron-iron car- 
bide equilibrium diagram for steels. Critical temperatures. Changes occurring on 
heating and cooling pure iron. Changes occurring on heating and cooling hy- 
pocutectoid steels. Changes occurring on heating and cooling eutectoid steels. 
Changes occurring on heating and cooling hypcreutectoid steels. The A* formerly 
designated critical temperature. The effect of alloys on the equilibrium diagram. 
Grain size. Grain size and properties. Determination of grain size. Fine- and 
coarse-grain steels. The transformation of austenite. Isothermal transformation 
diagrams. Transformation to pearlite. Transformation to bainitc. Transfoima- 
tion to martensite. Microstructurc and mechanical propcrltcs. Properties of 
pearlite. Properties of bainite. Properties of martensite. Properties of tempered 
martensite. Factors affecting transformation rates. Effect of carbon content. Ef- 
fects of alloys. Effect of grain size. Transformation on continuous cooling. SEC- 
TION 2: HARDEN ABILITY. Relationship of hardenability to transformation 
rates. How hardenability is expressed and measured. Hardenability and heat 
treatment. SECTION 3: HEAT-TREATMENT PROCEDURES. Quenching and 
tempering. Heating. Quenching. Tempering. Martempering. Austempering. 
Normalizing. Annealing. Full anneal. Isothermal annealing. Spheroidize anneal- 
ing. Process annealing. SECTION 4: CARBURIZING. Pack carburizing. Gas car- 
burizing. Liquid carburizing. Heat treatment of carburized ports. Nitriding. Bib- 
liography. 


788 



XXI i 


THE MAKING, SHAPING AND TREATING OF STEEL 

Chapter 43 


Carbon Steels 816 

SECTION 1: CLASSIFICATION AND APPLICATION. SECTION 2: FACTORS 
AFFECTING CARBON-STEEL PROPERTIES. Carbon content and properties. 

Eflect of microstruclure and i?rain size. SECTION 3: FACTORS AFFECTING 
MICROSTRUCTURE AND GRAIN SIZE. Composition. Microstructure of cast 
steels. Effects of hot working. Effects of cold working. SECTION 4: HEAT 
TREATMENT OF CARBON STEELS. Annealing. Normalizing. Quenching and 
tempering. Austempering. SECTION 5: AGING IN CARBON STEELS. SECTION 
6: EFFECT OF RESIDUAL ELEMENTS. Bibliography. 


Chapter 44 


Alloy Steels 826 

SECTION 1: FUNCTIONS OF THE ATXOYING ELEMENTS. Hardenability. Ef- 
fects of the alloying elements on hardenability. The multiplying factor principle. 
Effects of the alloys on tempering. Other functions of the alloying elements. Fer- 
rite strengthening. Corrosion resistance. Abrasion resistance. Magnetic (electri- 
cal) characteristics. SECTION 2: THE AISI AI.LOY STEELS. Classification and 
standardization. Applications of the AISI alloy steels. Hardenabilities of the AISI 
alloy steels. SECTION 3: ALLOY TOOL STEELS. Compositions and applica- 
tions. Heat treatment. General. High-speed steel. Bibliography. 


Chapter 45 


High-Strength Low-Alloy Steels 841 

Engineering function of the high-strength steels. Historical background. Corro- 
sion and welding. Definition. Fundamental characteristics. Corrosion resistance. 
Formability. Weldability. Notch toughness. Fatigue resistance. Abrasion resist- 
ance. Compositions, properties and characteristics and applications. Effect of 
chemical compo.sitioii on properties and characteristics. Carbon. Manganese. 
Phosphorus. Copper. Other elements. Applications. Bibliography. 


Chapter 46 


Silicon-Stccl Electrical Sheets 848 

Introductory. Classification and uses of electrical sheets. Low-silicon steels. Inter- 
mediate silicon steels. Iligh-silicon steels. Processing of electrical sheets. Grain- 
oriented. Nonorieiited, Core plating. Factors affecting magnetic properties. Com- 
position. Grain orientation. Effects of silicon on iron-carbon alloys. Mechanical 
properties. Definitions of terms and methods of testing. Magnetic aging. Core loss. 
Eddy-current loss. Hy.steresis. Permeability. Magnetic flux density or induction. 
Magnetomotive force. Magnetizing force. Saturation. Intcrlamination resistance. 
Lamination factor or space factor. Bibliography. 


Chapter 47 


Stainless Steels 854 

General. Constitution. Iron-chromium system. Iron -chromium -nickel system. 
Iron-chromium-carbon system. Manufacture and fabrication. Melting. Hot work- 
ing. Cold working. Rolling ingots to blooms and slabs. Rolling of billets. Rolling 
of plates. Rolling of bars. Rolling of sheet and strip. Heat treatment. Heat treat- 
ment of the iron-chromium stainless steels. Iron-chromium-nickel stainless steels. 
Corrosion resistance. Atmospheric corrosion. Elevated -temperature corrosion. 
Intergranular corrosion. Pitting corrosion. Mechanical properties. Low-tempera- 
ture properties. Room-temperature properties. Elevated-temperature properties. 
Applications. Martensitic grades. Ferritic grades. Austenitic grades. Summary. 
Bibliography. 


Chapter 48 

Steels for Elevated-Temperature Service 872 

SECTION 1: CLASSES OF STEEL. SECTION 2: FACTORS AFFECTING HIGH- 
TEMPERATUHE PROPERTIES. Composition and temperature. Heat treatment 



CONTENTS 


xxiii 


(microstructure). Grain size. Cold working. Manufacturing practice. SECTION 
3: BEHAVIOR OF STEELS AT ELEVATED TEMPERATURE. Infernal stability. 
Carbide instability. Aging. Temper brittleness. Embrittlement of ferritic chro- 
mium steels. E.xtcrnal or surface stability. Scaling and corrosion resistance. Ef- 
fect of various atmospheres. Caustic embrittlement of boiler plates. Thermal con- 
ductivity. Thermal expansion. Modulus of elasticity. Bibliography. 


Chapter 49 


Mechanical Testing 881 

SECTION 1: INTRODUCTION. SECTION 2: THE TENSION TEST. Testing ma- 
chines. Extensometers. Specimens. The tension test and properties which are de- 
termined. Stress. Strain. Strength properties. Modulus of elasticity (Young's 
modulus). Elastic limit. Proportional limit. Yield strength. Yield point. Tensile 
strength. Ductility properties. Elongation. Reduction of area. Signincancc of the 
tension test. SECTION 3: HARDNESS TESTING. The Brincll hardness test. The 
Rockwell hardness test. Rockwell superficial hardness tests. The Vickers or dia- 
mond pyramid hardness test. Miscellaneous hardnc.ss tests. The Shore scelcro- 
scope test. The Pcnalroscope. File hardness. The Monotron hardness test. The 
cloudburst tester. The Telebrineller (or Brincll meter). Microhardness tests. 
Hardness conversion tables. Significance and general utility of hardness tests. 
SECTION 4: NOTCHED-BAR IMPACT TESTS. Impact-testing methods. Signifi- 
cance and interpretation of notched-bar impact test results. SECTION 5: FA- 
TIGUE TESTING. Types of fatigue tests. Fatigue-testing specimen preparation. 
Presentation of fatigue-test data. Significance of laboratory small-scale fatigue 
tests. SECTION C: HIGH -TEMPERATURE TENSION, CREEP, RUPTURE AND 
HARDNESS TESTING. The high-temperature tension test. The creep test. The 
rupture test. The high-temperature hardness test. SECTION 7: USE OF HIGH- 
TEMPERATURE DATA IN DESIGN. SECTION 8: MISCELLANEOUS ME- 
CHANICAL TESTS. Compres.sion testing. Bend testing. Cupping tests. Strain- 
sensitivity and strain-aging sensitivity tests. Torsion testing. Shear testing. Wear 
testing. Damping capacity tests. SECTION .9; NONDESTRUCTIVE TESTS. Ra- 
diography. Magnetic mctliods. Ultrasonic methods. Bibliography. 

Chapter 50 

Gage Numbers 928 

Origin of gages. Relation of gage number to thickness. British gages. United States 
sheet gages. Density of iron and steel. The tin plate gage. U. S. wire gages. 




THE MAKING, SHAPING 

AND 


TREATING OP STEEL 




Chapter 1 

IRON IN ANTIQUITY 


Prehistoric and Ancient Use of Iron^The antiquity of 
man^s use of iron is attested by references to that metal 
both in fragmentary writings and in inscriptions on 
monuments, palaces and tombs tliat survived the col- 
lapse of such ancient civilizations as those of Assyria, 
Babylonia, Egypt, China, India, Greece and Rome. In 
addition to those written records, archeologists have un- 
earthed actual iron tools, weapons and ornaments used 
by many of these historic ancient peoples, as well as 
some implements and jewelry of iron in sites in many 
parts of the world that were occupied by prehistoric 
peoples who left no written records. The chemical com- 
position and the properties of the metals in these speci- 
mens vary widely. Some closely resemble modem 
wrought iron; some are more nearly like steel as it is 
known today. For the sake of simplicity, all of the an- 
cient ferrous metals discussed in this chapter will be re- 
ferred to as “iron.” In later chapters the modem mean- 
ings of “iron,” “steel,” “wrought iron,” etc., will be 
clearly defined and the words used in their proper, more 
exact sense. 

Meteoric Iron— Mere mention of the use of iron in the 
oral traditions or writings of primitive or prehistoric 
peoples does not necessarily mean that they knew how 
to produce iron by extracting it from ore. Actually, there 
is evidence that most of tlie iron used in earliest times 
was not man-made, but was obtained from fragments 
of meteorites. This belief in the origin of the iron used 
by very ancient peoples is based on three facts. In the 
first place, practically all of their names for iron, when 
translated, mean “stone (or hard substance or metal) 
from heaven,” “star metal” or have similar meanings 
that suggest that the metal they used came from out- 
side the earth. Secondly, chemical analysis of numerous 
archeological specimens has established that they con- 
tain considerable quantities of nickel which likewise is 
found in similar quantities (usually 7 to 15 per cent, but 
as high as 30 per cent) in the iron of meteorites. The 
third instance supporting this belief is that many primi- 
tive peoples of relatively recent times used iron from 
meteorites to make useful implements. In several his- 
torical cases, the main masses of huge meteorites from 
which the natives had laboriously severed bits of the 
metal were still in existence in the places where they 
had fallen and still served as sources of supply. 

Telluric (Native) Iron— Gold, silver, copper and some 
other metals known to the ancients often are found on 
or near the surface of the ground in a fairly pure me- 
tallic condition, in the form of nuggets or rough masses. 
Being bright in appearance, such native metals would 
be noticed readily and, as they are capable of being 
shaped by hammering without heating, they would be 
put to eventual use by primitive peoples. The softness 
of gold and silver makes them useless for ordinary 
tools and weapons, and their ultimate chief use would 
be for vessels and ornament. The metal copper, how- 
ever, can be hardened appreciably by hammering it 


without previous heating, and the very hammermg re- 
quired to shape a tool from native copper might make 
it sufficiently hard to be useful for many purposes. 

Iron, however, is very rarely found in the native 
state. One of the few known occurrences of native iron 
is in Northwestern Greenland; the iron occurs as grains 
or nodules in basalt (an iron-bearing igneous rock) that 
erupted through beds of coal. Mention might be made 
of two very rare natural nickel-iron alloys, given the 
mineralogical names of awaruite (FeNh) and josephi- 
nite (FeaNh), that have been found in the form of 
granules and small bean-shaped pebbles. It is improb- 
able, therefore, that primitive man could have foimd 
any useful quantity of naturally occurring metallic iron, 
certainly not enough to accoimt for the widespread dis- 
tribution of iron artifacts that have been discovered by 
archeologists. 

Man-Made Iron — ^From the foregoing it may be de- 
duced that iron must have been a rare metal for many 
centuries and that any specimens of it would be highly 
prized by the possessor. It was not until man learned 
how to extract iron from its ores at will that it could 
have become a common metal. 

Archeological evidence seems to indicate that a 
knowledge of how to obtain copper from its ores existed 
long before iron was intentionally made by man. Mix- 
tures (alloys) of copper and tin that formed bronze, 
and of copper and zinc that formed brass, provided the 
ancients with metals that found widespread usage. In a 
book such as this, devoted to a discussion of iron and 
steel, space limitations permit only brief mention of 
these non-ferrous metals. It should be remembered, 
however, that for many years after man learned how to 
extract iron from its ores, the product probably was so 
relatively soft and unpredictable, and undoubtedly 
hard to work, that bronze in particular continued to be 
preferred for many tools and weapons. Eventually, iron 
supplanted the non-ferrous metals for these purposes 
when men learned how to master the difficult arts of 
smelting, forging and hardening iron. 

The origin of the methods used by early man for ex- 
tracting iron from its ores is unknown. The rocky, 
granular or earthy ores gave little promise or outward 
indication of their valuable content. Some have sug- 
gested that men learned the method accidentally when 
they built fires by chance on crude hearths built of 
iron-bearing rock, especially if the fire was in a loca- 
tion where a strong, natural draft caused it to bum 
fiercely. This is a possibility, since what could happen 
under such circumstances would meet the conditions 
now known to be required for extracting iron from its 
ores. These conditions are that the iron-bearing ore 
should be heated strongly in contact with hot carbon 
out of contact with air. Small lumps of ore on a hearth, 
surrounded completely by hot coals, might meet these 
requirements. The important iron ores consist mostly 
of combinations of iron with oxygen. The process just 
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outlined causes the oxygen of the iron oxide to combine 
with the hot carbon, leaving metallic iron; in modern 
language, the iron is said to have been reduced from its 
oxides, and the process whereby the reduction is ef- 
fected is caJied smelting. Some of the early smelting 
processes arc described in Chapter 11 of this book. 

it may ho assumed that such chance production of 
iron oc* Lilted often enough in the experience of one in- 
dividual or tribe to attract attention and eventually to 
excite a desire to reproduce the process at will. It should 
be re membered, however, that the high melting point of 
iron kept it from ever becoming fluid under such con- 
ditions. Copper, on the other hand, could be obtained 
111 the fluid state from the smelting operation, and was 
quite obviously a desirable product that could be shaped 
cither by casting directly into molds or by hammering 
a solidified lump. Bronze and brass also could be melted 
in the furnaces available to the ancient metallurgist. 
The iron reduced in smelting, however, would collect 
in a loosely coherent mass or “sponge” of metallic gran- 
ules that would contain much slag in its pores. There 
would be nothing in its appearance to indicate the po- 
tential value of the crude, sponge-like mass. The key 
step probably occurred when some early man first dis- 
covered that if this unattractive mass was hammered 
while still hot, slag would be forced out and a lump of 
reasonably sound metal would result. Repealed heating 
and hammering would eventually be found to further 
iiii prove the product, since such operations were neces- 
sary to the shaping of the lump into a useful implement. 

The manufacture of iron on a relatively large scale 
could be undertaken once the smelting process was es- 
tablished and its limitations, as outlined above, were un- 
derstood. Some ancient peoples mastered the principles 
and practices of smelting iron much earlier than others, 
and many instances in history point to the rapid rise and 
eventual ascendancy of the iron-producing nations over 
their backward neighbors. It Is not known definitely 
whether the knowledge of ironmaking spread from a 
single point of original discovery or whether it was de- 
veloped independently in several widely separated 
localities. 

Archeological Evidence — Some of the oldest known 
iron objects found in various localities include one piece 
found in the Great Pyramid (built about 2900 B.C.) and 
another in a grave at Abydos (from about 2600 B.C.), 
both in Egypt. A cube of iron was found in an 1800 B.C. 
grave at Knossos in Crete. Tombs at Pylos in the 
Peloponnesian peninsula of Greece contained iron finger 
rings dating from around 1550 B.C. What was probably 
an iron dagger was found at the site of Ur of the 
Chaldees and is believed to date from 3100 B.C. None 
of the foregoing are believed to have been fashioned 
from man-made iron. Tools and weapons of man-made 
iron were discovered at Gerar, near Gaza in Biblical 
Palestine, and some of the iron knives found there are 
believed to go back to 1350 B.C.; remains of iron- 
working furnaces from about 1200 B.C, were also un- 
earthed at this site. The dates given here are only rela- 
tive, since archeological research is continually turning 
up new evidence that necessitates frequent revision of 
chronology. 

References made to iron in very ancient writings from 
China and India suggest that the metal was used in 
those areas at least as early as 2000 B.C., but there is 
nothing to indicate that the iron was man-made. Some 
authorities ascribe the original discovery of practical 
iron smelting to peoples in India at a very early date. 

On the basis of existing evidence, the deliberate smelt- 
ing of ore to produce iron seems to have begun to be 
practiced to an ever-increasing extent over a relatively 


wide geographic area in the ancient world between 
1350 B.C. and 1100 B.C. After the latter date, the art of 
iron -making seems to have become generally practiced, 
at least by the more advanced peoples. 

It must not be inferred that the peoples of all areas 
advanced the art of smelting iron to the same degree 
over the same period of time; isolated peoples in India, 
Africa, and Malaya, for example, still employ crude 
iron-smelting processes not unlike those of other more 
advanced peoples of 3000 years ago. Neither must it be 
assumed that, as soon as man-made iron became avail- 
able, iron at once supplanted stone, bronze, bra.ss, and 
other materials in tools and weapons. In some localities, 
tools and weapons of both stone and metals were in 
simultaneous use for some time until the metals com- 
pletely took the place of stone. Iron gradually and even- 
tually replaced bronze, brass and the other then-known 
metals wherever the superior properties of iron made it 
desirable. The properties of bronze and brass, which 
could readily be melted and cast into shape, depended 
Largely on ♦heir chemical composition. The properties of 
objects made from iron, however, were more dependent 
upon the care and skill expended in smelting, forging 
and hardening, as described below. 

Products of Ancient Iron Smelling — According to the 
usual manner in which early smelting processes prob- 
ably were carried out, the product would be soft, mal- 
leable, wrought iron. If tlie temperature was high 
enough and the lump of reduced iron, intentionally or 
unintentionally, was kept long enough in contact with 
hot charcoal, away from contact with air, the pasty 
sponge of iron could be made to absorb carbon from the 
fuel. Absorption of moderate amounts of carbon (up to, 
say, one per cent) would cause tlie metal to become 
capable of being made veiy hard by cooling rapidly 
from a high temperature, in a manner comparable to 
modem steels. “Soft” wi ought iron, containing only 
very small amounts of carbon, cannot be hardened ap- 
preciably by such treatment. Carbon might similarly 
be absorbed during repeated heating of the metal in 
charcoal forge fires prior to hammering to make a tool 
or weapon. Carbon could also be added to iron by 
variations of the crucible and cementation processes 
discussed in Chapter 13 of this book. 

The metal now called “steel,” in its simplest form, is 
essentially an alloy of pure iron with le.ss than 2 per cent 
carbon. As mentioned above, one of the important 
properties of iron alloyed with moderate amounts of 
carbon is its ability to become very hard by rapidly 
cooling (quenching) it from a high temperature, pro- 
viding that it contains sufficient carbon. This effect evi- 
dently was known at an early date. It also was known 
that the quenched metal, which was very hard and 
somewhat brittle, could be reheated to a relatively low 
temperature after quenching to make it less brittle with- 
out too drastically lessening the hardness obtained by 
quenching. This latter process is now known as temper- 
ing. 

Judgment and skill of the operator were the only 
means of control of any of the early smelling or harden- 
ing methods, since nothing was known of the metallur- 
gical principles which governed them. In smelting, the 
metal was not predictably uniform from one operation 
to the next, and a large part of the iron in the ore was 
lost to the slag. This lack of uniformity in the product 
of the smelting operation made it Impossible to employ 
other than “rule-of-thumb” methods for carrying out 
the hardening treatment, and failure to obtain the de- 
sired results was probably common. In some areas, the 
iron ores also contained some other metals beneficial to 
the properties of the Iron with which they became al- 
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loycd during smelting (manganese, for instance), and 
the metals produced from such ores were so superior as 
to become justly celebrated, although tlie reason for 
the superiority was not then known. 

Early Cast Iron — The more carbon an alloy of iron 
with carbon contains, up to something over 4 per cent 
carbon, the lower the melting point of the alloy will be. 
As mentioned earlier, iron reduced from ore in the 
smelting process could absorb carbon from the fuel in 
the hearth or furnace if the spongy metal was kept sur- 
rounded by the hot charcoal in a location where it was 
protected from contact with air. It was even possible for 
at least parts of the ‘‘sponge” to absorb enough carbon 
(say, 2.5 to 3 per cent) so that the melting point of those 
parts of the metal was lowered to such a degree that 
molten high-carbon iron was produced. In most cases, 
the lumps that formed when the liquid metal solidified 
were thrown away by the early smelters as worthless, 
since tliey were not malleable even when heated. Even- 
tually, it was learned how to produce such molten iron 
deliberately in special types of furnaces, from which it 
was poured into molds of the desired shapes to make 
useful articles. Specimens of cast-iron utensils are ex- 
tant, notably in China, dating back to at least 200 B.C. 


As larger and larger smelting furnaces were used, molten 
high-carbon iron eventually came to be the chief product 
of smelting. Cast into blocks called pigs (whence comes 
the name pig iron) this iron could be remelted as desired 
for casting into molds, or could be treated by various 
processes to make wrought iron and steel. Details of 
wrought-iron manufacture are given in Chapter 11; some 
early steelmaking processes are described in Chapter 13. 



Chapter 2 

SOME FUNDAMENTAL PRINCIPLES OF 
CHEMISTRY AND PHYSICS 

PART 1 — THE COMPOSITION, STRUCTURE AND 
PROPERTIES OF MATTER 


SECTION 1 

THE RELATION OF METALLURGY TO PHYSICS AND CHEMISTRY 


In principle, steelmaking involves only a relatively 
few, outwardly simple stops (Figure 2—1). The prin- 
cipal iron ores used in the United States consist of com- 
binations of iron with oxygen (iron oxides), mixed with 
varying percentages of useless earthy materials. In 
order to remove the oxygen and useless materials, the 
iron ore along with coke and limestone are charged into 
the blast furnace. Hot air blown into the blast furnace 
bums the coke to generate heat. The hot carbon of the 
coke, and the carbon-bearing gases generated by its 
burning, combine with the oxygen of the iron oxide, 
leaving the iron in metallic form. Tlie iron, in the molten 
state, collects in the hearth at the bottom of the blast 
furnace. The limestone combines with the useless part 
of the ore to form molten slag that floats on top of the 
pool of molten iron. In this process, the iron becomes 
contaminated with some of the carbon from the coke 
used as fuel. The product of the blast furnace, pig iron, 
may contain somewhat over 4 per cent carbon. To make 
steel from pig iron, some of the carbon must be removed, 
because most steels contain considerably less than 1 per 
cent carbon. The unwanted excess of carbon is removed 
in the steelmaking processes, principally the Bessemer 
converter and the open-hearth furnace processes, using 
controlled amounts of oxygen for its removal. The re- 
sulting final product, steel, is first poured into molds to 
form ingots, which then are formed into useful shapes 
by rolling or other forming processes. Where very com- 
plicated shapes that cannot be rolled or forged are re- 
quired, the molten steel may be poured into molds that 
give it the shape in which it is to be used without any 
further forming; such shapes are called steel castings. 
However formed, the final products, in a great many 


cases, are subjected to heat treatment to develop special 
properties. 

The procedures simply outlined above become com- 
plex in practice because of a vast arra:’ of complicating 
circumstances. Actually, the problems ii. each step of 
manufacture are very complex. Their solu .ion requires 
considerable technical knowledge and aoility. Some 
previous knowledge of the fundamental sciences of 
Chemistry and Physics is essential to a study of these 
problems. The purpose of this chapter is to present, in as 
concise and simple a manner as possible, those prin- 
ciples of these two sciences that are directly related to 
the manufacture of iron and steel. 

Physics and Chemistry are related sciences, since both 
are concerned with the properties of material things 
(collectively called matter, which may be defined as 
anything that occupies space). Physics is concerned 
chiefly with the structure and behavior of matter, and 
with energy in its various forms, whereas Chemistry is 
devoted to study of the composition of diflerent kinds of 
matter and the ways in which they interact with each 
other. The two sciences overlap to such an extent that, 
in recent years, two new sciences known as Physical 
Chemistry and Chemical Physics have arisen on the 
middle ground. 

The science of Metallurgy is based on the two funda- 
mental sciences, Physics and Chemistry, and is com- 
monly subdivided into two major fields; namely, 
Physical Metallurgy which deals with the structure, 
fabrication and behavior of metals, and Process Metal- 
lurgy (also called Chemical Metallurgy) which deals 
with tlie smelting of ores and minerals and with the re- 
fining and furnace reactions of molten metals. 


SECTION 2 

COMPOSITION OF MATTER 


The Nature of Matter — Matter is the basic working 
material in the world, and it is associated with all hu- 
man activities in some way. The human intellect is 
aware of the existence of material things (things com- 
posed of matter) through the senses of sight and touch. 
Although it is difficult to accurately define matter, cer- 


tain facts about it are plainly evident. For example, it 
occupies space, it is acted upon by the force of gravity, 
and it possesses certain properties that are dependent 
upon its composition and structure. Matter which oc- 
cupies a limited portion of space is termed a body or 
mass. 
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Fig. 2 — 1. The principal steps in making finished steel products from the primary raw materials (iron ore, coal, limestone) . 
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Mixtures, Compounds and Chemical Elements — Most 
materials in nature are mixtures; that is, they are com- 
posed of a cominingling of different kinds of matter. 
The various kinds of matter in a mixture are called its 
components or ingredients. For example, iron ore may 
be a mixture of iron oxides, sand, and clay, and it is pos- 
sible, by incclianical means, to separate a sample of the 
ore into these ingredients. It is typical of mixtures that 
they may contain any proportion of ingredients. 

Any material, when sufficiently purified so as to con- 
sist of only one kind of matter, is spoken of as a sub- 
stance. Substances, unlike mixtures, always contain the 
same ingredient or ingredients, and possess definite and 
invariable physical and chemical properties. 

Most of the many thousands of pure substances 
known to the chemist can, with greater or less difficulty, 
be broken down into simpler substances by chemical 
means; that is, they can be decomposed into simpler 
substances by: 

(1) The action of heat. 

(2) Electrolysis, or the action of an electric current. 

(3) Chemical reaction with other substances. 

However, there is a group of 98 different substances 
which cannot be decomposed by chemical means. These 
98 substances are the chemical elements, usually simply 
called elements or elementary substances.* All other 
known substances are made up of various combinations 
of two or more of these elements; such combinations are 
called chemical compounds. It has been estimated that 
about 99 per cent of the solid crust of the earth is made 
up of a multitude of chemical compounds composed 
chiefly of only twelve of the chemical elements, ap- 
proximately as follows: 

Element Per Cent 

Oxygen 49.85 

Silicon 26.03 

Aluminum 7.28 

Iron 4.12 

Calcium 3.18 

Sodium 2.33 

Potassium 2.33 

Magnesium 2.11 

Hydrogen 0.97 

Titanium 0.41 

Chlorine 020 

Carbon 0.19 

TOTAL 99.00 

A chemical compound is a distinct substance formed 
by a union of two or more elements in definite propor- 
tions. Each compound always contains the same ele- 
ments, united in the same proportions by weight. 

Symbols of the Chemical Elements — For convenience 
and brevity, each element is represented by a symbol. 
These symbols are composed of the first letter, capital- 
ized, of the English or Latin names of the elements, 
combined, where necessary as a distinguishing mark, 
with some succeeding letter. Thus, C = carbon, Ca = 
calcium, Cd = cadmium, F = fluorine, Fe = ferrum 
(iron), and so on. 

Broad Classification of Chemical Elements— A study 
of the elements reveals the fact that they consist of two 
great classes; namely, those that combine with oxygen 
and hydrogen to form bases, and those that combine 
with oxygen and hydrogen, or hydrogen alone, to form 


*Since this chapter was written, the discovery of Elements 
99, 100 and 101 has been reported. 


acids. The former are sometimes called metals and the 
latter non-metals, or metalloids. The line of division is 
not a sharp one. Some elements, called amphoteric ele- 
ments, form either acids or bases, according to the type 
of chemical change involved, but the tendency is usually 
more pronounced in the one direction than in the other. 
Furthermore, like plants or animals, these two main di- 
visions may be subdivided into families or groups, the 
members of which possess similar properties. These di- 
visions and groups are discussed in a later section of this 
chapter. 

There are 77 elements classified as metals on tlxe above 
basis. All of these are solids at ordinary pressures and 
temperatures, except mercury (Hg), which is liquid. 
The metals generally conduct heat and electricity well. 
Many of them are malleable; that is, they can be rolled 
or hammered into desired shapes without rupturing. 
The more malleable metals can be rolled or hammered 
into thin sheets more easily than others. Many metals 
also are ductile. Ductility permits metals, when pulled, 
twisted or stretched beyond a certain point, to alter 
their shape permanently without breaking (unless the 
stress causing the deformation is too continued and too 
great, in which case, the metal will deform to the great- 
est possible extent in an effort to accommodate the load 
imposed on it, after which it will fracture) . The remain- 
ing 21 elements classified as non-metals are either gases 
or brittle solids at room temperature and under at- 
mospheric pressure, with the exception of bromine 
which is a liquid under these conditions. 

Atoms and Molecules — Centuries ago, Greek philoso- 
phers evolved the concept that all kinds of material 
things are made up of tiny particles which they called 
atoms (Greek: indivisible). They assumed incorrectly 
that there were as many different kinds of atoms as 
there were different kinds of natural substances. It was 
not until the latter half of the Seventeenth Century that 
the British physicist Boyle defined the term “element” 
in almost its modern sense and, in conjunction with the 
work of others, established the concept that all natural 
substances, however complex, are composed of various 
combinations of two or more elements, and tliat there 
can be only as many kinds of atoms as there are ele- 
ments. The different atoms can combine to form com- 
pound atoms, now generally called molecules (Latin: a 
small mass). Even atoms of the same element can and 
do combine to form molecules. Some few elements, such 
as the inert gases, are called monatomic elements be- 
cause they are composed of single, uncombined atoms. 

The British chemist Dalton, in 1808, propounded a 
very important hypothesis, now known as the atomic 
theory, to explain certain phenomena associated with 
chemical changes. This hypothesis is based upon the fol- 
lowing assumptions. 

1. The molecules of matter are themselves made up of 
small particles called atoms. 

2. Atoms possess the power of attracting other atoms 
or otherwise attaching themselves to them. 

3. Atoms do not subdivide in ordinary chemical 
changes. 

Based on the foregoing reasoning, an atom may be de- 
fined as the smallest part of an element that ever takes 
part in a chemical reaction. A molecule may be defined 
as the smallest particle of an element or a compound 
that has the chemical properties of larger samples of 
that substance. A molecule may contain one or an tm- 
limited number of atoms of the same or different ele- 
ments. Two or more simple molecules, all alike, may 
combine to form what is called an associated molecule; 
in some substances, this may produce molecules con- 
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taining so many simple molecules that the associated 
molecule becomes a giant molecule or, as giant mole- 
cules are sometimes called, a macromolecule. 

Until relatively recently, it was thought that all atoms 
of the same element had the same mass or weight, the 
same form, and the same combining power, while atoms 
of other elements differed in one or more of these re- 
spects. As will be learned in the discussion of atomic 
structure that follows, this supposition is now known 
not to be precisely true, but it forms the best approach 
to a practical use of Chemistry. 

Atomic and Molecular Weights— As will be learned 
later in this chapter, Dalton established that, when ele- 
ments combine with each other, a definite weight of one 
element always combines with a definite weight of the 
other. For example, 2 pounds of hydrogen will always 
combine with neither more nor less than 16 pounds of 
oxygen to form water (HjO) . The definite weights were 
given the name combining weights which were different 
for each element. The atom is so small that it is useless 
to hope that its mass or weight will ever be determined 
by direct individual weighing. However, the weight of 
one atom of an element must be proportional to the 


combining weight of that element. Since the combining 
mass or weight of hydrogen is the least of all the ele- 
ments, it is assumed that its atom is the lightest. There- 
fore, the atomic weight of hydrogen was given a value 
of “one” by Dalton, and the atomic weights of the other 
elements became multiples of it. However, in view of the 
fact that comparatively few compounds are formed by 
hydrogen with other elements, while oxygen forms the 
most compounds of any element, it was later decided to 
make oxygen the standard. Accordingly, the atomic 
weight of oxygen is made 16, and the atomic weights of 
other elements are compared with it as a standard, thus 
making hydrogen 1.008. This system of comparative 
weights is the basis for the compilation known as the 
International Table of Atomic Weights. Being relative, 
it permits calculations in any unit of mass or weight — 
grams, kilograms, ounces, or pounds. Table 2 — I gives 
the atomic number, atomic weight, melting point and 
boiling point of the elements. 

The molecular weight of a compound, for the purposes 
of this book, may be considered to be the sum of the 
atomic weights of all of the atoms making up the mole- 
cule. 


SECTION 3 

THE STRUCTURE OF MATTER 


Atomic Structure— Each chemical element has defi- 
nite chemical and physical properties that are different 
from those of every other element. These properties for 
any element are determined by the structure peculiar to 
atoms of that element. Modern physicists have probed 
deeply into the structure of atoms and, as knowledge 
increases, it becomes more and more difficult to present 
a simple description of the probable structure of the 
atom. Nevertheless, an attempt will be made here to 
summarize those points that arc pertinent to an under- 
standing of how atomic structure affects chemical and 
physical properties of matter. While there exists a dif- 
ference of opinion among specialists as to whether the 
component parts of the atom are discrete particles, elec- 
trical charges, or electromagnetic waves, since they ex- 
hibit many of the characteristics of each, for the present 
purposes the components will be con.sidered and re- 
ferred to as particles for the sake of simplicity of dis- 
cussion. 

Atoms have been stated above to be not subdivided in 
ordinary chemical and physical changes; in fact, they 
are nearly indestructible. They are not solid bodies, but 
possess an open structure that can be penetrated by 
particles smaller than ordinary atoms if the particles 
possess sufficient velocity. The structure of the atom 
may be considered as consisting of: (a) a nucleus, sur- 
rounded by (b) an electronic system at some distance 
from the nucleus. 

The Atomic Nucleus — ^The nucleus at the center of 
every atom is dense and nearly impenetrable. As will 
be shown later, the nucleus is not Involved in ordinary 
chemical or physical changes. While the nucleus of an 
atom must be very small in size in comparison with the 
size of the atom as a whole, most of the mass of any 
atom is concentrated in its nucleus. That portion of the 
weight of an atom concentrated in its nucleus is called 
its nuclear mass. Two kinds of particles make up the 
nucleus: protons and neutrons. Each proton is of unit 
mass and carries a unit positive electrical charge. Each 
neutron is also of imit mass, but carries no charge. Unit 
mass is the mass of a sixteenth part of the most abiui- 


dant type of oxygen atom (according to physicists) or 
of an average oxygen atom (according to chemists) . The 
difference is quite small. Unit positive charge is equiva- 
lent to the positive charge on the nucleus of an atom of 
hydrogen, equal to 4.802 X lO"* electrostatic units. Hy- 
drogen has the simplest known atomic structure, having 
a nucleus consisting of a single proton and an electronic 
system consisting only of a single electron (a nearly 
massless particle with unit negative charge, defined 
more completely below). The charge on the hydrogen 
nucleus is the smallest that has ever been encountered. 
The nucleus of every atom carries a positive electrical 
charge that represents the total of all of the equal unit 
positive charges on the individual protons that are con- 
tained in the nucleus. The total positive charge on the 
nucleus is independent of the number of neutrons in the 
nucleus, since the neutrons are not charged. The atomic 
number of an element corresponds to the number of 
protons in the nucleus and, therefore, to the total num- 
ber of unit positive charges on the nucleus. The atomic 
weight of an element is determined largely by the 
weight of the combined number of protons and neutrons 
in the nucleus (nuclear mass), since each of these types 
of particles possesses unit mass; the total weight of the 
electi onic system is only a minor part of the weight of 
an at >m. 

If a listing of the elements is arranged in the order of 
incre.ising atomic numbers, it is observed that the 
atom’c weights do not increase in the same regular way. 
The atomic numbers and atomic weights of the first 18 
elements are given in Table 2 — II. 

This tabulation clearly illustrates that increases of 1 
in atomic number (increases of 1 in the number of pro- 
tons in the nucleus) do not increase atomic weight by 
any regular amount. 

The Electronic System — Rotating about the nucleus, 
in orbits at considerable distances from it, are nearly 
massless particles called electrons, each carrying a unit 
negative charge of electricity. The mass of a proton is 
somewhat more than 1800 times that of an electron. 
Besides rotating in orbits around the nucleus, electrons 
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Additional information regarding the elements may be found in ^letals Handbook (ASM) 1948 Edition, pages 20 and 21 and in other reference books. 
• From 1952 list of the American Chemical Society. •* Figures in ( ) indicate mass of most stable known isotope. ••• See “Niobium*’ (Nb). 
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Element 

Symbol 

Atomic Number 

Atomic Weight 

Increase in Atomic 
Weight for Unit Incre 
in Atomic Number 

Hydrogen 

H 

1 

1.008 


Helium 

He 

2 

4.003 

2.995 

Lithium 

Li 

3 

6.940 

2,937 

Beryllium 

Be 

4 

9.013 

2.073 

Boron 

B 

5 

10.82 

1A07 

Carbon 

C 

6 

12.010 

1J90 

Nitrogen 

N 

7 

14.008 

1.998 

Oxygen 

O 

8 

16.000 

1.992 

Fluorine 

F 

9 

19.000 

3.00 

Neon 

Ne 

10 

20.183 

1.183 

Sodium 

Na 

11 

22.997 

2.814 

Magnesium 

Mg 

12 

24.32 

1.323 

Aluminum 

A1 

13 

26.97 

2.65 

Silicon 

Si 

14 

28.06 

1.09 

Phosphorus 

P 

15 

30.98 

2.92 

Sulphur 

S 

16 

32.066 

1.086 

Chlorine 

Cl 

17 

35.457 

3.391 

Argon 

A 

18 

39.944 

4.487 


are also considered to spin on their own axes. The unit 
negative charge on each electron is just sufficient to bal- 
ance or neutralize a unit positive charge such as that 
carried by a proton. The number of electrons in any 
atom of an element, since the atom as a whole normally 
is electrically neutral, must equal the number of protons 
in the nucleus, and both are numerically equal to the 
atomic number of the element. An increase of one in 
atomic number, then, adds one proton (one unit of posi- 
tive charge) to the nucleus, and adds one more electron 
to the electronic system rotating about the nucleus. The 
electrons do not rotate around the nucleus at random 
distances from it, but are located in successive groups 
or shells of electrons (often called energy levels). For 
convenience, these shells have been designated as the 
K, L, M, N, etc., groups, shown as follows for the first 
four groups, with the K group closest to the atomic 
nucleus: 


Group 

Maximum Number 
of Electrons 
in Group 

K 

2 

L 

8 

M 

18 

N 

32 


It is the electrons in the two outermost electron 
“shells” of its atoms that largely determine the chemical 
properties of an element. The innermost electronic 
“shells” and the nucleus are not affected by ordinary 
chemical changes. The electrons in the two outermost 
shells are often referred to as valence electrons. 

Periodicity of the Elements — ^The periodic table shown 
as Table 2 — III • is the modem version of a similar table 
originated (1869) by the Russian chemist Mendeleev. 
The elements are arranged in horizontal rows in the 
order of increasing atomic number, with proper refer- 
ence to the arrangement of the electronic systems of 
their atoms. 

As the atomic numbers of the elements increase, the 
atomic weights gradually increase (but not in regular 
increments, as already described). Another property 
that is related to the atomic number is the character of 

• Based on a table in ‘‘General Chemistry,” by H. O. 

Deming, publi.shed by John Wiley & Sons, Inc., New 

York (Sixth Edition, 19J2). 


the X-rays emitted by the various elements, the rays be- 
coming more and more penetrating as they are emitted 
from excited samples of elements of higher and higher 
atomic number. These two properties that increase as 
the atomic number increases can be explained on the 
basis of the gradual increase in the charge and mass of 
the nucleus. 

The periodic table derives its name from the fact 
that the elements that appear in each vortical column 
of the table are very similar in chemical properties. In 
following the horizontal rows, it is found that those 
properties which depend on the outermost electron 
groups of the electronic sy.stem (chemical properties) 
are periodically repeated for elements in the same 
vertical columns, as are some qualitative physical prop- 
erties. The actinide and lanthanide metals are very 
similar in their chemical properties because the new 
electrons added as the atomic number increases are be- 
ing added in inner electron groups, leaving the two 
outermost “shells” (that largely determine chemical 
properties) almost unchanged. It is because the nuclear 
structure of the atom has negligible effect on chemical 
properties of an element that the new knowledge of 
atomic structure ha.s not invalidated the various laws 
and theories that have long been in use for making 
practical application of chemistry. 

Isotopes — Every element (except hydrogen) is char- 
acterized by having the nucleus of the atoms composing 
it made up a definite number of protons and a number 
of neutrons that is variable within rather narrow limits. 
Most atoms of the same element have the .same number 
of neutrons, but some do not and, therefore, they differ 
somewhat in nuclear mass from other atoms of that ele- 
ment. Atoms of the same clement which have different 
nuclear masses are called isotopes. Since isotopes are 
the effect of variations in the constitution of the nucleus, 
due to a larger or smaller number of neutrons being 
present, the electronic system is not affected to any ap- 
preciable degree and it is extremely difficult to chemi- 
cally separate isotopes of the same element. The sepa- 
ration can be effected, however diflicultly, by physical 
means in some cases; for example, by taking advantage 
either of the slightly higher boiling point (lower vapor 
pressure) or slightly lower diffusion rate of the heavier 
isotope. 

Summary on Atomic Structure— In summary, an atom 



TABLE 2— m. Periodic Table of the Elements. 
(See ako Table 2 — I) 
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has a nucleus made up of protons and neutrons. The 
number of protons in the nucleus of an atom of a given 
element is fixed, and determines the number of elec- 
trons in the electronic system surrounding the nucleus. 
These electrons are present in groups or “shells** at 
various energy levels. The outer groups of electrons in 
this system determine the chemical properties of an 
element. Neutrons in the nucleus contribute to the 
nuclear mass only, and have no significance in ordinary 
chemical changes. The number of neutrons is not a fixed 
quantity for many elements, and there are therefore 
variations in nuclear mass of these elements that result 
in isotopes. 

The number of neutrons needed to give the required 
nuclear mass to accoimt for the atomic weight can be 
calculated. Taking the iron atom as an example: the 
atomic number of iron is 26, therefore, it has 26 protons 
of \init mass in its nucleus. Since the atomic weight of 
iron is 56, 56 minus 26 or 30 neutrons, each of unit mass, 
would be required in the nucleus to account for the 
atomic weight of iron. Actually, the atomic weight of 
iron is somewhat less than 56; 55.86 to be exact. Atomic 
weights are seldom integral numbers because of what 
is called the “mass defect,” a concept too involved for 
simple explanation. 

The electron “shells” of the iron atom (assuming an 
exact atomic weight of 56) would contain the follow- 
ing numbers of electrons, since a nuclear positive 
charge of 26 units would have to be balanced by an 
equal number of negative charges in the electronic sys- 
tem: 

Number of 


Group Electrons 

K (closest to nucleus) 2 

L 8 

M 14 

N 2 


Total 26 


By using data in the periodic table, Table 2— III, a 
similar calculation can be made for the atoms of any 
element. 

Physical, Chemical and Nuclear Changes— Matter is 
constantly undergoing changes. These changes are of 
three kinds, namely, one in which the nature and 
composition of the matter undergoing the change re- 
main the same, called a physical change, another in 
which the nature and composition are affected, called a 
chemical change, and a third in which an element may 
be converted into one or several other elements, called 
a nuclear change. The freezing of water and the fusion 
of steel are examples of the first, while the binning of 
coal is an everyday example of the second; the third 
type of change is exemplified by the decomposition of 
unstable elements such as radium and polonium to 
form new elements, through nuclear changes. Nuclear 
changes can also be brought about through human in- 
tervention. Since 1919, when the first nuclear change 
was produced artificially, more and more powerful 
means have been devised for “bombarding” atomic 
nuclei with swiftly-moving particles to alter the num- 
ber of electrons, protons and neutrons in atoms of one 
element to convert it into another element. This is the 
transmutation process, which was dreamed of by the 
early alchemists, and which was believed to be impos- 
sible by modern scientists until quite recently. As far 
as the chemist and metallurgist are concerned, how- 
ever, this great discovery does not detract from the im- 
portance and usefulness of the concept of the atom as 
the fundamental unit of matter, since, in all ordinary 
chemical and metallurgical reactions and processes, the 
atom is still the smallest subdivision actively involved. 
Thus, the chemical laws of combination and reaction 
between elements are still valid, and the chemical and 
physical properties of substances are still determined by 
the kinds, proportions, and arrangements of the atoms 
which combine to form the larger structural units of 
matter, such as molecules, fibers, and crystals. 


SECTION 4 

CRYSTALLOGRAPHY 


One of the most important characteristics of metals is 
that they are crystalline. This means that the atoms of 
a metal are arranged in a regular, three-dimensional, 
geometrical pattern. Although the crystallinity of gem 
stones and some other minerals, such as diamond or 
quartz, is generally evident from their symmetrical ex- 
ternal form and optical properties, it is not obvious that 
metals are crystalline. There are several reasons for 
this, namely: (1) Metals usually do not solidify from 
the molten state as perfect, idiomorphic, single crystals 
with symmetrical external shape; instead, they crystal- 
lize as aggregates of small, allotriomorphic crystals of 
irregular shape, tightly bound together at the crystal 
boundaries. In metallurgy, these small allotriomorphic 
crystals are termed grains; (2) These grains are so 
small that a microscope with a magnification of sev- 
eral hundred diameters is generally necessary to ob- 
serve them; (3) Metal grains are opaque, so that 
reflected-Iight niicroscopy (termed metallography), on 
a carefully polished and etched cross-section of an 
aggregate of metal grains, is required to see the indi- 
vidual grains; and (4) Since the metal grains are 
opaque, even in thin sections, their optical properties, 
whi^ are a direct manifestation of crystal structure, 
cannot be readily measured, as in the case of crystals 


of minerals and chemical compoimds that can transmit 
light, each in its own characteristic manner; instead, 
more penetrating radiation (X-rays or electrons) must 
be used to measure the crystal characteristics of metals. 
The study of the characteristics of crystals is known as 
crystallography. 

The physical and mechanical properties of metals and 
other crystalline materials are dependent to a large ex- 
tent on their particular crystal structure and to imper- 
fections which may exist in that structure. This is the 
most important reason for studying crystal structure. A 
second reason for investigating cryst^ structure both 
in metallic and non -metallic materials is that no two 
known chemical substances or elements have exactly 
the same crystal structure. Even though the geometric^ 
arrangement of atoms may be the same, the distances 
between atoms will be different. Thus, crystal struc- 
ture provides a powerful method for distinguishing be- 
tween various compounds or elements, even in cases 
where they are chemically identical. For example, 
gamma iron and alpha iron are both polymorphic forms 
of the element iron, and therefore have the same chem- 
ical constitution; also, calcite and aragonite are poly- 
morphic forms of calcium carbonate (CaCOt). How- 
ever, their crystal structures are quite different, so 



12 


THE MAKING, SHAPING AND TREATING OF STEEL 


that they can be identified by this property. In this man- 
ner, the determination of crystal structure becomes an 
important method in qualitative and quantitative 
analysis. 

In order to understand investigations of the crystal 
structure of metals and other materials, it is necessary 
to define some of the terms and quantities commonly 
used in crystallography. The concept encountered most 
frequently is that of the unit cell, which is the basic 
unit of crystal structure. A unit cell is a small grouping 
of atoms or molecules, which if repeated indefinitely in 
three dimensions will result in the development of the 
crystal. The unit cell, therefore, exhibits all the proper- 
ties of the large crystal, and it is only necessary to know 
the structure of the imit cell in order to specify the 
structure of the whole crystal. 

One of the quantities used to specify crystal structure 
is the space lattice or Bravais lattice. If imaginary 
straight lines were drawn between the atoms of a 
crystal, these lines would form a lattice dividing the 
space into equal-sized prisms standing side by side with 
all faces in contact so that no voids would exist. This 
lattice of lines is called a space lattice and is of funda- 
mental importance in crystallography. The intersections 
of the lines are called the points of the space lattice, 
'rhe manner in which the reference lines are drawn is 
arbitrary, and in many cases it is found convenient to 
draw the prism so that points are at the centers of the 
prism faces or in the center of the prism. A space lattice 
has two important characteristics; the first of these is 
tliat, if a straight line is drawn through two adjacent 
lattice points and continued on at regular, periodic in- 
tervals, points identical to the first two will be en- 
countered; the second is that every point in the space 
lattice has identical surroundings. This second charac- 
teristic means that the group of points surrounding a 
point of the lattice is the same for every lattice point. 
There are 14 space lattices, shown in Figure 2 — 2, and it 
can be proven mathematically that no others can exist, 
that are not equivalent to all or part of one of these 
fourteen. 

It can be seen that the points of each of the space 
lattices can best be identified by reference to a set of 
three coordinate axes. These axes may or may not be of 
equal length, and may or may not be at equal angles to 



Fig. 2—2. The fourteen general patterns of unit cells. All 
types of crystal space lattices can be formed from these 
unit cells. 
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Fig. 2—3. The six symmetry types of crystals. 


each other. There are six such sets of axes commonly 
used. These axes define the six crystal systcm.s shown 
in Figure 2 — 3. Frequently, seven crystal systems are 
defined, by adding what is known as the rhombohedral 
system, in which the lengths of the axes are all equal 
and the angles between the axes are equal, but different 
from 90*. However, the rhombohedral axes can always 
be converted to hexagonal axes, making their inclusion 
as a separate crystal .system unnecessary. The degree of 
symmetry of a crystal might be loosely defined as the 
number of ways in which the unit cell can be rotated, 
or atoms can be transposed, across some axis or central 
point, without altering the crystalline arrangement. On 
this basis, it is interesting to note that the six crystal 
systems decrease in symmetry in going from cubic to 
triclinic systems, with the hexagonal sy.stcm occupying 
a position between the cubic and tetragonal systems. 

Space lattices and crystal systems lead to only a par- 
tial description of the crystal structure of a metal or 
other crystalline solid. If the complete structure is to 
be specified, it is necessary to consider also the sym- 
metry classes and ultimately to determine the proper 
space group. There are 230 possible space groups; how- 
ever, there are a very large number of crystal struc- 
tures, since the space group defines only the geometrical 
arrangement of the atoms and not the distances between 
atoms. When both the space group and the interatomic 
distances are known, the crystal structure is completely 
determined. 

Since the atoms in a crystal are arranged in a regular 
fashion, it is evident that planes can be defined which 
will contain many atoms. The simplest such planes are 
those containing two axes of the coordinate system used 
to define the crystal system. Other planes will, of course, 
be more complex; their existence, however, should be 
obvious. These planes are of the utmost importance in 
discussing properties of a crystal such as its orientation, 
twinning habit, and slip system. Therefore, some sys- 
tem of nomenclature is necessary to distinguish these 
planes and to define their orientation, but not their posi- 
tion. The system of nomenclature universally used is 
that of Miller indices. As stated above, it is convenient 
to define three coordinate axes to describe the crystal 
system. Beginning at the intersection of these axes and 
proceeding along any one of them, identical points will 
be found to occur at periodic intervals, with one of these 
intervals in each direction defining the unit cell. To 
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A. CUBE PLANE (SHADED) WITH (100) INDICES 


B. DODECAHEDRAL PLANE (SHADED) WITH (110) 
INDICES 


Z 



C. OCTAHEDRAL PLANE (SHADED) WITH 
(Ml) INDICES 


Z 



Fig. 2 — 4. Planes with various indices in cubic crystal. 


determine the Miller indices of a plane, it is necessary 
first to find its intercepts on the three coordinates axes 
X, Y, and Z in terms of multiples or fractions of the 
unit cell edge a, b, and c. The values of a, b, and c arc 
known as the lattice parameters. If a plane is parallel to 
one or more axes, the intercept is taken as infinity. The 
reciprocals of these three numbers are taken, and the 
reciprocals are reduced to the three smallest integers 
having the same ratio. These integers, written in paren- 
theses are the Miller indices of the plane. For purposes 
of general discussion, the letters “h,” “k” and “1” are 
used to represent these integers, thus: (h,k,l). In an 
actual example, where a plane intersects the X-axis at 
three units, the Y-axis at one unit, and the Z-axis at 
infinity, the intercepts are 3, 1, oo, and the reciprocals 
of the intercepts are %, 1, 0; when multiplied by 3, these 
give Miller indices of (1, 3, 0) , corresponding to (h,k,l) 
of the general case. As a result of the reduction to tlie 
smallest integers, parallel planes will have the same 
indices. Figure 2—4 shows some of the important crystal 
planes with their Miller indices. It should be noted that 
the coordinate axes extend in both the positive and 


negative directions from their intersection, so that nega- 
tive indices £u*c also possible. 

Direction indices are also frequently used in crystal- 
lography to specify the direction or orientation of a line 
in the crystal. If a point is moved from the intersection 
of the coordinate axes (the origin) to some other posi- 
tion in the crystal by means of translations parallel to 
the coordinate axes, the direction indices of the line 
joining the origin and the final position will be numbers 
u, V and w, where u is the number of units of a that the 
point moved parallel to the X-axis, v is the number of b 
units that the point moved parallel to the Y-axis, and w 
is the number of c units that the point moved parallel 
to the Z-axis. The values of u, v, and w are reduced to 
the simplest integers, and are written in square brackets 
fu, V, w] to indicate that they are direction indices. 
For example, in Figure 2 — 4, the face diagonal of the 
base of the parallelepiped will have the direction [110], 
the X-axis will have the direction [100] and the body 
diagonal [111]. 

These definitions of the important terms and concepts 
will enable us to discuss the crystal structures of the 
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various metallic elements. The term crystal structure 
will be used in the following discussion to cover all of 
the descriptive information, such as the crystal system, 
space lattice, symmetry class, space group and distances 
between atoms (lattice parameters), necessary to com- 
pletely define the crystal structure. Fortunately, metals 
crystallize in simple structures with a high degree of 
symmetry; in fact, nearly all metals belong to either the 
cu})ic, hexagonal or tetragonal crystal systems. 

The simplest crystal structure found in nature is the 
body- centered cubic structure. The atomic arrangement 
is ?:iiown in Figure 2 — 5a; it is evident that atoms arc 
located at the comers of a cube, and one in the center of 
the cube. Since the comer atoms are shared by adjacent 
unit cells in a crystal where this atomic arrangement 
is repeated indefinitely, only Vh of each of the atoms 
at the comers is contained in the unit cell and the 
unit cell is said to contain two atoms. This body- 
centered cubic arrangement is the structure of metallic 
iron (alpha iron) at temperatures below about 1650® F. 
In iron, the unit cell is 2.861 Angstroms long on each 
edge; the three lattice parameters are of equal length 
in the cubic system, that is, ar=:b=c. (One Angstrom unit 
equals 10^ centimeters.) Other elements having this 
same crystal structure, with different lattice parameter, 
include chromium, columbium, potassium, tungsten, 
and molybdenum. 

Another simple crystal structure encountered in 
metals is the face-centered cubic arrangement shown 
in Figure 2 — 5b. Atoms in this structure arc located at 
the comers of the cubic unit cell and at the centers of 
the cube faces. Due to the sharing of atoms by adjacent 
cells, as mentioned above, the unit cell contains four 
atoms, since % of each of the comer atoms and % of 
each of the 6 atoms in the cube faces are in the cell. 
Iron has this structure (gamma iron), with a lattice 
parameter of 3.63 Angstroms, from a temperature of 
1650® F to near the melting point. From about 2600® F 
to the melting point at 2800® F, iron reverts to the body- 
centered cubic form (delta iron). Other metals with the 
face-centered cubic structure include silver, gold, 
aluminum, copper, nickel, and lead. The face-centered 
cubic structure is sometimes referred to as the cubic 
close-packed structure because the atoms, if considered 
as large solid spheres, are arranged so that the total 
void volume between the spheres is as small as possible. 
On the (111) planes, the atoms are in intimate contact, 
and are packed together in the closest possible manner. 

A second close-packed structure commonly found in 
metals is the hexagonal close-packed arrangement 
shown in Figure 2 — 5c. Crystals having this structure 
are built up of layers in which atoms are arranged at the 
six comers and at the center of a regular hexagon. 
Alternate layers are shifted to permit the atoms of the 
second layer to fit into the depressions between atoms 
of the first layer, resulting in the closest possible pack- 
ing of atoms. The simplest possible unit cell for this 
structure is a rhombohedron containing two atoms; 
however, for convenience, the unit cell is usually chosen 
as the hexagonal prism shown. This unit cell contains 
three of the rhombohedral cells and is described there- 
fore as being triply primitive. Among elements having 
this structxire are zinc, cobalt, beryllitim, magnesium, 
cadmium, titaniu^i and most of the rare earths. 

The crystal structure of white tin is not among the 
three basic types described above; however, because of 
the importance of tin in the steel industry, its crystal 
structure will be described. As shown in Figxire 2 — 6 
the unit cell is tetragonal with the a and b axes of equal 
length, and about twice as long as the c axis. In addition 
to the atoms at the comers, there is one at the center 



(a) BODY-CENTERED CUBIC STRUCTURE 



(b) FACE -CENTERED CUBIC STRUCTURE 
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SIMPLE HEXAGONAL STRUCTURE 



CLOSE-PACKED HEXAGONAL STRUCTURE 
(c) TWO FORMS OF HEXAGONAL STRUCTURE 


Fio. 2—5. Comparative diagrams showing schematically 
the arrangement of atoms in the body-centered cubic 
structure, the face-centered cubic structure, and two 
forms of the hexagonal structure. 
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of the cell and one in each of the side faces; however, 
the atoms in the sides faces are not in the center of these 
faces. 

These relatively simple crystal structures are suffi- 
cient to describe nearly all of the solid elements and 
many compounds. However, more complex unit cells 
are required to describe the structure of other inorganic, 
metal-organic, and organic compounds. Oxides, sul- 
phates and silicates of metals, for example, are fre- 
quently in lower symmetry systems such as the ortho- 
rhombic, monoclinic, and triclinic. 

Lattice Imperfections — ^The foregoing discussion has 
been in terms of ideally perfect crystals where atoms 
are located only at proper crystal sites and all such sites 


are filled with the proper kind of atoms. In real crystals, 
particularly metals, this is not usually the case; rather, 
the lattice has numerous fiaws or imperfections. The 
most common imperfections are interstitial or substitu- 
tional atoms of an impurity or alloying element. By 
interstitial atoms are meant atoms which fit into the 
holes or interstices between the atoms of the normal 
structure. Substitutional atoms are those which replace 
normal atoms in lattice positions. In either case, the 
impurity or alloying atoms cause a distortion of the lat- 
tice, which may markedly affect the physical and me- 
chanical properties; the changes in properties may be 
either beneficial or deleterious, depending on the prop- 
erty and the application of the material. The second 
most common imperfections are dislocations, which oc- 
cur when, in two adjacent rows of atoms in the crystal, 
one row contains one more atom (or one less) than the 
neighboring row. It is easy to see that this situation will 
also produce a distortion of the lattice. As a result of 
thermal fluctuations, dislocations move through the 
crystal lattice tmtil they are stopped by another disloca- 
tion or some other stress barrier. It is these concentra- 
tions of dislocations that are responsible for many of 
the properties of metals such as strain hardening, slip, 
and internal friction. In fact, the effect of the imperfec- 
tions in metals is so important that the study of imper- 
fections has developed into a field nearly as large as 
the study of crystal structure. However, this field is 
highly theoretical at present, and any detailed discus- 
sion of the effect of imperfections is beyond the scope 
of this section. 


SECTION 5 

FUNDAMENTAL CHARACTERISTICS OF MATTER 


Length, Mass, and Time — In order to describe the 
fundamental characteristics of matter, and natural phe- 
nomena in general, on a reasonably scientific basis, 
scientists and engineers everywhere must agree on a 
common terminology in which words and terms are 
given precise and limited meanings. Furthermore, it is 
essential to have a system of standards for accurate 
quantitative measurements, in which the units are de- 
fined as exactly and clearly as possible. 

Possibly the most fundamental of physical concepts 
are length, mass, and time, since combinations of these 
can be used to express all other physical quantities. 
Scientific workers generally use the metric system of 
units to describe mass and length. The fact that this 
system is naturally adapted to the expression of meas- 
urements in terms of decimals is of great convenience. 
In this system, the meter (100 centimeters) is the unit 
of length and the kilogram (1000 grants) is the unit of 
mass. In nearly all coimtries, except England and the 
United States, the metric system is used for everyday 
as well as scientific purposes. The English system is in 
common use in this country, but legally the inch and 
pound are now defined in terms of the meter and kilo- 
gram. 

The unit of length, the meter, was originally intended 
to be one 10-millionth of the distance from the equator 
to a pole of the earth, although more accurate measure- 
ments made since that time show that this is not 
strictly true. The standard of length now in use is the 
International Prototype Meter, which is the distance, at 
0^ C (32** F), between two fine parallel lines on a bar 
carefully prepared and preserved at the International 
Bureau of Weights and Measures at Sevres, France. An 


accurate duplicate standard is maintained at the Na- 
tional Bureau of Standards in Washington, D. C. In the 
United States, according to law, 

1 inch =: exactly 2.54 centimeters or 0.0254 meters 

1 foot = 0.3048 meters 

1 meter = approximately 39.37 inches 

By the mass of a body, is meant the quantity of mat- 
ter it contains, which obviously will be the same any- 
where in the universe. The arbitrary \init of mass is the 
International Prototype Kilogram, a block of platinum - 
iridium alloy carefully preserved at Sevres, France, 
which was intended to be exactly equal to the mass of 
1,000 cubic centimeters of water at its temperature of 
maximum density (39.2® F or 4®C), but actually dif- 
fers from this by a very small amount. A duplicate 
standard is kept at the Bureau of Standards. 

It is essential to distinguish between the mass of a 
body and its weight. By title weight of a body is meant 
the force with which it is attracted toward the earth. 
The concept of force is intuitive and is frequently as- 
sociated with the sense of muscular effort in pushing or 
lifting various objects. From Newton’s law of gravita- 
tion, this force of attraction of the earth for a body 
(its weight) is given in the metric system by: 

W = gM 

where “M” is the mass in kilograms, “W” is the weight 
in Newtons, and “g” is the gravitational attraction at the 
object’s position, and its numerical value on the earth’s 
suHace is approximately 9.80 meters per second per sec- 
ond. In the l^glish system, the unit of mass has no spe- 
cial name, the weight is expressed in pounds, and **g^ is 
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approximately equal to 32 feet per second per second. A 
tsrpical equal-arm balance (no springs) compares the 
mass of an object with a standardized set of masses and 
will give accurate mass values anywhere. Of course this 
also measures the relative weights, but in order to ob- 
tain the actual or absolute weight of the object, the 
value of at the place of measurement must also be 
known, since the value of “g” decreases as the distance 
of the object from the center of the earth increases. 
However, since “g” varies only slightly over the earth’s 
surface, the weight of the object can be estimated for 
most practical purposes by using such a balance, even 
though “g” is not actually measured. If a simple spring 
balance could be accurately calibrated at one location, 
It would give accurate weight values everywhere else, 
since it measures directly the attractive force of the 
earth on the object. 

All measurements of time are based on the time re- 
quired for the earth to make one rotation on its axis. 
Astronomers use star time in which one rotation with 
respect to the fixed stars is 24 hours. For civil and most 
scientific purposes, mean solar time is used, in which 
24 hours, or 1,440 minutes, or 86,400 seconds is the 
average time for one rotation of the earth on its axis 
with respect to the sun. The unit of time is the second, 
and this is the same in both metric and English systems. 

In dealing with formulas and equations, it is essential 
not to mix different units of measurement; that is, 
English units should not be mixed with metric units, 
and the denomination of the iinits should be kept con- 
sistent (gram-centimeter-second or kilogram-meter- 
second) . 

States of Matter— From a casual examination of the 
surrotindings, it is evident that matter may exist in 
three fundamental states: gaseous, liquid, and solid. A 
substance may exist in aU of the three states; for ex- 
ample, water may exist as a gas (steam), as a liquid, 
and as a solid (ice) . A gas has no definite size or shape, 
but merely a definite mass; it is composed of molecules 
or single atoms, which are relatively far apart and free 
to move because the binding or attractive forces be- 
tween them are very weak. A liquid has definite mass 
and volume, but not form; it is composed of molecules 
or single atoms, which are closely packed together but 
still are mobile because the attractive forces between 
them are weak. A solid has definite mass, volume, and 
shape; it is composed of atoms which are closely situ- 
ated, tightly bound together, and arranged in a syste- 
matic pattern which is known as a crystal structure. 
Liquids and gases are called fluids on account of their 
ability to flow. In many cases, they obey the same 
physical laws. They are distinguished from each other 
by their relative compressibility: liquids are but slightly 
compressible, while gases are highly compressible. The 
volume of a gas can be decreased by the application of 
pressure; that is, the volume of an ideal gas varies in- 
versely as the applied pressure (Boyle’s Law). 

Changes of State—It has been stated previously that 
certain substances can exist in all three physical states; 
thus, water may exist as steam, liquid, or ice, depending 
on the pressure and temperature. The state of a sub- 
stance depends only on the pressure and temperature 
to which it is subjected. Under ordinary atmospheric 
temperature and pressure, most substances exist only in 
a single state; for example, steel is solid at room tem- 
perattire, and ^arbon dioxide is ordinarily a gas. How- 
ever, by applying heat to steel it may be converted to 
the liquid state (molten steel), and by applying pres- 
sure and withdrawing heat, gaseous carbon dioxide may 
be converted to the solid state (dry ice). The usual se- 
quence of changes of state is: solid^liquld?=^gas; how- 


ever, some solid substances may be changed directly to 
the gaseous state, and vice versa, without passing 
through the liquid state. Changes of state are usually 
reversible, that is, a solid substance that can be melted 
by applying heat, can be solidified by withdrawing heat 
or cooling. 

The various changes from one state to another have 
certain names, thus: 

Solid to liquid = melting or fusion 

Liquid to solid = freezing or solidification 

Liquid to gas = evaporation, vaporization, or boiling 

Gas to liquid = condensation 

Solid to gas = sublimation 

Gas to solid = condensation 

Under atmospheric pressure, the temperatures at which 
these changes occur are characteristic of a particular 
substance; thus, the melting point of ice (or the freezing 
point of water) is zero degrees Centigrade, while the 
boiling point of water (or the condensation point of 
steam) is one hundred degrees Centigrade. Associated 
with each change of state there is a transfer of a certain 
specific amount of energy between each substance and 
its surroundings. Thus, when a gram of water at 100® C 
(212® F) evaporates into steam it absorbs 540 calories * 
of heat energy, and when a gram of steam at 100® C 
condenses to water, it releases this same amount of 
heat energy. Also, a gram of water at zero degrees 
Centigrade gives off 80 calories of heat energy when it 
freezes into ice, and when a gram of ice melts into water 
it absorbs the same amount of heat energy. The heat 
energy involved in the process of melting or freezing is 
termed the heat of fusion; this amount of heat must be 
added merely to change the material from the solid 
state to the liquid state, and the temperature of the ma- 
terial undergoing melting remains constant until suf- 
ficient heat has been absorbed to effect the change of 
state. Heat of fusion is usually expressed in “calories per 
gram,” “kilogram calories per kilogram,” or “Btu • per 
pound.” The heat absorbed or given off on evaporation 
or condensation is termed the heat of vaporization. Ex- 
pressed in the same units as those for heat of fusion, 
heat of vaporization absorbed by a liquid substance 
represents the quantity of heat required to change the 
liquid to the vapor state at the boiling point without 
increasing the temperature of cither the liquid or the 
vapor. 

Vapor Pressure — ^The tendency of a liquid to evapo- 
rate is measured in terms of its vapor pressure; that is, 
when the molecules of the liquid exert great pressure 
against the surrounding atmosphere, and have a great 
tendency to jump from the liquid surface into the air 
(evaporate) , the vapor pressure is large and the boiling 
point is relatively low. The vapor pressure of a liquid, 
then, is the pressure exerted by the liquid at a given 
temperature under the conditions that give liquid- 
vapor equilibrium. For example, if a liquid is boiling 
in an open container, then the vapor pressure of the 
liquid at the boiling temperature must be one atmos- 
phere. At a temperature less than the boiling point, the 
liquid exerts a vapor pressure less than atmospheric 
pressure. Solids usually exert low vapor pressures. The 
vapor pressure for any material increases rapidly with 
the temperature. The relationship between vapor pres- 
sure and temperature for most materials can be found 
in the literature. 

Electrical Conductivity — ^The use of matter to conduct 
electricity is of almost inestimable value. Metals are 

• "Calorie” and “Btu” are defined under ‘^Measurement of 
Heat” in Section 3 of Part 3 of thia chapter. 
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notably good conductors of electric current, whereas 
other substances, such as glass and quartz are non- 
conductors or insulators. The electrical conductivity of 
a substance is determined by measuring the amoimt of 
current that will pass through a given volume of the 
substance in a certain time when a standard driving 
force or difference of electrical potential is applied to 
opposite ends of the piece. The electrical conductivity 
of the various metals differs considerably; thus, the 
conductivity of copper is about eight times greater than 
that of iron. 

Density — In handling pieces of different kinds of mat- 
ter, such as wood and steel, it is at once evident that 
pieces of about the same size (volume) weigh differ- 
ently, that is, have different mass. In order to express 
this difference more definitely, the concept of density is 
useful. The density of a material is its mass per xmit 
volume; expressed mathematically. 



where “M” is the mass measured in grams, “V” is the 
volume expressed in cubic centimeters, and “D” is the 
density expressed in grams per cubic centimeter. In 
English units “M” may be measured in pounds and “V** 
in cubic feet; the density then is expressed in pounds 
per cubic foot. This idea of mass or quantity of matter 
per unit volume is of course applicable to all throe 
states of matter, solid, liquid, and gaseous. Since the 
volume of a given mass of material depends on the 
temperature and pressure acting on it, particularly in 
the gaseous state, it is necessary to specify these two 
conditions in giving density values. For gases, a stand- 
ard set of conditions is used, namely, 0® C (32® F) and 
the pressure exerted by a column of mercury 76.0 centi- 
meters (29.92 in.) high; these conditions are called nor- 
mal temperature and pressure (abbreviated NTP). 

Specific Gravity— It is oftentimes convenient to ex- 
press the mass (or weight) of a material in terms of the 
ratio of its weight to that of some standard substance. 
This ratio between the weight of a body and the weight 
of an equal volume of a standard substance is termed 
specific gravity. For liquids and solids, the standard 
substance is water; for gases, it is hydrogen or air. 
Since the volumes of both the body and the standard 
substance vary with temperature and pressure, it is 
necessary to specify these conditions for both sub- 
stances. For solids and liquids, only the temperature is 
usually specified, since the pressure is assumed to be 
normal. For gases, the conditions usually are normal 
temperature and pressure. It is necessary to state which 
standard is used, since air is much heavier than hydro- 
gen. 

Elasticity— When a thin strip of steel is bent moder- 
ately and springs back to its initial shape when released, 
it exhibits the property of solid matter called elasticity. 
Virtually every solid object is elastic, that is, when bent, 
compressed, twisted, or otherwise deformed, it develops 
internal force which tends to restore it to its initial 
form; the deformation is termed the strain and the force 
developed is called the stress. Different substances de- 
velop different stresses for a given strain, that is, they 
exhibit different ratios of stress to strain (elastic 
moduli) which are more or less characteristic of the 
substance. If the deformation of an object is carried to 
such an extent that it will not resume its initial form 
when the applied force is removed, the elastic limit of 
the material is said to have been exceeded. Within the 
elastic limit, the stress is proportional to the strain 
(Hooke’s Law). Elasticity is very important in metal- 


lurgy and engineering and will be discussed more 
thoroughly in Chapter 49 of this book, devoted to me- 
chanical testing. 

Plasticity — ^The capacity of a solid body to be strained 
beyond its elastic limit, and thus to suffer permanent 
deformation, or change of shape, without fracture, is 
termed plasticity; it is closely related to other important 
mechanical properties of solid matter, such as ductility 
and malleability. Substances vary widely in the amount 
of permanent deformation that they can withstand be- 
fore fracture; however, specific measures of this prop- 
erty depend not only on the nature of the substance but 
also on the temperature, speed of deformation, and the 
geometry of the stress system. 

Tensile Strength — When a substance is stretched pro- 
gressively, a point is xiltimately reached where the stress 
developed overcomes the cohesive or binding forces 
tending to hold the material together, and the substance 
pulls apart; in the case of metals, the relationship be- 
tween the apparent and true force required to fracture 
the substance is discussed in Chapter 49, and the exact 
meaning of tensile strength is defined. Tensile strength 
is more or less characteristic of a substance, but it de- 
pends to an important degree on the condition and 
plasticity of the substance, the temperature, speed of 
stretching, and shape of the body. 

Hardness — ^The ability of a substance to resist pene- 
tration or, in the case of some substances, to withstand 
wear or abrasion is termed hardness. This is a rather 
complex association of two or more simpler properties 
of matter and is closely related to other mechanical 
properties, such as tensile strength. 

As in the case of elasticity, plasticity, tensile strength 
and hardness will be discussed more fully in Chapter 49 
of this book, dealing with mechanical testing. 

Viscosity — ^The resistance of liquids, semi-solids, and 
gases to movement or flow is termed viscosity, and it is 
due to internal friction among the molecules constitut- 
ing the substance. Viscosity varies widely, depending on 
the substance; thus, oils and sirups are very viscous, 
whereas water and alcohol are not so viscous. Gases are 
only about one-thousandth as viscous as typical liquids, 
such as water. Viscosity is affected to a marked extent 
by temperature; in general, the higher the tempera- 
ture, the lower the viscosity of a fluid. Viscosity is 
usually measured by the time it takes a given amount 
of the fluid to pass through a long tube of standard 
diameter, when there is a standard difference in pres- 
sure between the two ends of the tube. 

Semi-solids, such as tar, may be thought of as ex- 
tremely viscous liquids. True solids also exhibit a prop- 
erty very much like viscosity in fluids, thus, the vibra- 
tions of a tuning fork die out faster than can be ac- 
counted for by the rate at which its energy is given to 
the surrounding air. In the case of solids, this property 
is known as internal friction or damping capacity. 

Specific Heat and Heat Capacity— The specific heat of 
a substance is the quantity of heat required to raise the 
temperature of a unit mass of the substance one degree. 
The value of specific heat changes with temperature, so 
that an average value must be used that corresponds 
to the temperature range involved. The heat capacity 
of a body of a substance between two temperatures is 
the quantity of heat required to be added to or extracted 
from the body, respectively, to raise or lower its tem- 
perature the number of degrees between the higher and 
lower temperatures. 

Thermal Expansion — It is a matter of common obser- 
vation that most substances expand when heated and 
contract when cooled; a property of matter known as 
thermal expansion. Over moderate ranges of tempera- 



THE MAKING, SHAPING AND TREATING OF STEEL 


18 

ture, the change in length of a piece of material is pro- 
portional to the temperature change. It is also apparent 
that the change in length is proportional to the initial 
length; that is, the longer the piece, the greater the 
change in length. The change in length per unit of 
length, for a given change in temperature, is named the 
thermal coc/licient of linear expansion. This quantity is 
more or less characteristic of a substance and differs 
greatly for different substances. 

Tlicrinal Conductivity—The ability of matter to con- 
duct or transmit heat is referred to as thermal conduc- 


tivity. All solids, liquids, and gases conduct heat, but 
enormous differences exist in the rates at which heat is 
transferred through them imder similar circumstances. 
Thermal conductivity is measured by the amotmt of 
heat conducted by a imit volume of a substance, in a 
certain time, for a given driving force or difference in 
temperature between the opposite surfaces of the piece. 
In general, metals conduct heat much faster than other 
substances, such as wood, paper, cloth, or air. The 
former are called thermal conductors, whereas the lat- 
ter are termed thermal insulators. 



Chapter 2 (Continued) 

SOME FUNDAMENTAL PRINCIPLES OF 
CHEMISTRY AND PHYSICS 

PART 2 — FUNDAMENTAL PRINCIPLES OF CHEMISTRY 


SECTION 1 

BRANCHES OF CHEMISTRY 


Traditionally, the science of Chemistry embraces two 
great divisions — Organic Chemistry and Inorganic 
Chemistry. Organic Chemistry deals with the composi- 
tion and properties of compounds of carbon with the 
other chemical elements, usually excepting carbon 
monoxide, carbon dioxide, cyanides, the carbides and 
the carbonates. Inorganic Chemistry includes the study 
of all other substances, including the excepted com- 
pounds containing carbon just mentioned. The same 
general principles and laws are applicable to the study 
of both Organic and Inorganic Chemistry; the chief dis- 
tinction between these two divisions of chemical science 
only involves the classes of compounds with which they 
are concerned. Since most metallurgical processes in- 
volve inorganic compounds, this discussion will deal 
largely with Inorganic Chemistry. 

Physical Chemistry is devoted to the quantitative 
study of relationships between the chemical and physi- 
cal properties and the constitution of substances, and is 


a powerful metallurgical tool. Two branches of Physi- 
cal Chemistry pertinent to metallurgical processes are 
Thermochemistry and Electrochemistry. ^jHicrmochcm- 
istry deals with the changes of heat content accompany- 
ing chemical reactions; since heat is either evolved or 
absorbed in all chemical reactions, this branch of chem- 
ical science is of basic importance in metallurgy, and is 
closely related to the physical science of Thermody- 
namics which is devoted to the mechanical effects of 
heat. Electrochemistry covers the field of study of the 
relationships between electricity and chemical changes: 
chemical changes in cells or batteries produce elec- 
tricity, passage of direct electric current through molten 
substances or solutions produce chemical changes. 
Aluminum made by electrochemical processes, tin elec- 
trolytically deposited on steel to make electrolytic tin 
plate, and copper refined by electrolysis to a high degree 
of purity, are three examples of the importance of elec- 
trochemistry in metallurgy. 


SECTION 2 

CHEMICAL FORMULAS AND REACTIONS 


Chemical Formulas of Compounds— -The method of 
representing the elements by symbols, together with the 
system of atomic weights, affords a convenient and con- 
cise method of representing chemical compounds, or to 
be more explicit, the molecules of chemical compounds. 
Thus, by analysis, water is found to be composed of 
hydrogen and oxygen in the proportion of eight parts of 
oxygen to one part of hydrogen by weight. These facts 
are completely expressed by the formula HsO, which 
indicates a molecule of a compound composed of two 
atoms of hydrogen and one atom of oxygen, or, since 
the atomic weight of hydrogen is 1 and oxygen 16, 2 
parts of hydrogen to 16 parts of oxygen (1 to 8). Like- 
wise, the formula FeaOa represents a compound, the 
molecule of which is made up of 111.70 parts of iron to 
48 parts of oxygen. 

Molecules of Elements— In studying chemical changes 
in which elements are set free, it is foimd that they are 
much more active at the instant of their liberation than 
afterwards. This fact leads to the belief that the instant 


an element is set free from its compounds it exists in 
the atomic condition, but if there is nothing else present 
with which the atoms can combine, they combine with 
each other to form molecules of the element. This idea 
cannot be proved in the case of solids, but its correct- 
ness is easily shown in the case of gases. From many 
facts, Avogadro was able to show that equal volumes 
of all gases, under standard conditions of temperature 
and pressure, contain the same number of molecules. 
Hence, the molecular weight in grams of all gases oc- 
cupies a constant volume of 22.4 liters, called the gram- 
molecular volume. Now, the weight of 22.4 liters of 
oxygen equals 32 grams; of hydrogen, 2 grams; of nitro- 
gen, 28 grams. Dividing these weights by the respective 
atomic weights of the elements, the quotient is 2 in each 
case. Hence, the molecules of these elements contain 
two atoms each, and the correct formulas for these ele- 
ments are 0», Ha and Ns, respectively. Helium and some 
other elements do not have this tendency to unite into 
groups; in these elements, atom and molecule are iden- 
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tical. Molecules, therefore, are defined as the smallest 
panicles of a siihstance that retain the characteristics of 

that substance. 

Chemical hqiiaf ions— This system of symbols and 
weights also simplifies the representation of chemical 
c}iari; 4 *‘.s Suf>f)ose it is desired to represent the chemical 
chani^'e tliat takes place when a common substance, like 
coal. Inn ns Coal is largely made up of carbon; the cle- 
merjt which comlnncs with carbon during the burning 
uurnbu..tH>n) of coal is oxygen in the air. An invisible 
caihon dioxide (COv), is formed and dilTuses into 
the riir. This change, spoken of as a reaction, is repre- 
senud in the form of an equation. Since matter is con- 
s rvt d, there must be as many atoms on one side of the 

0 .) nation as on the other. This is shown by placing a 2 
h< fore O on the left side of the equation, thus, C d- 20 = 
COj. This process is called balancing. Thus, chemical 
equations tell not only the formulas of the reading sub- 
stances and of the products formed, but also give the 
proportions involved by weight, and in the case of gases, 
volume relations as well, if the reaction is balanced in 
molecules. Thus, C -f- Oa = CO.; indicates one volume of 
oxygen unites with C to form one volume of CO •. It will 
be observed in the latter form of the formula that the 
two atoms of oxygen involved in this reaction are ex- 
pressed as Os instead of 20 as in the first form. As men- 
tioned above under “Molecules of Elements,” oxygen 
exists naturally as molecules consisting of two atoms. 
The molecular formula for oxygen (and other substances 
whoso molecular formulas are known) is always used in 
writing equations to express this fact. 

In writing chemical equations, considerable knowl- 
edge of a specific character is essential. First, it is neces- 
sary to know under what conditions the substances are 
brought together in order to tell whether or not they 
will react. If they do react, then the products formed 
and the formulas of all these substances must be known. 
As an example, consider the reaction of iron (hot) with 
water (steam) to form ferrosoferric oxide and hydro- 
gen. This knowledge can then be indicated thus: 
Fe 4 - HaO = Fea 04 4- Ha. The equation must be balanced, 
since the same number of atoms must be on both sides 
of the equality sign. This can be done by inspection. 
Finally, the reaction is reversible, for if instead of steam 
over hot iron, hydrogen be passed over hot iron oxide, 
iron and water are the products. The reaction is, there- 
fore, correctly written thus: Fea04 4* 4Ha ^ 3Fe 4 - 4HaO, 
or 3Fe 4- 4HaO ^ FetOi -f 4H«. Many reversible reac- 
tions, under conditions which do not permit the prod- 
ucts to escape from the field of action, do not proceed to 
completion, but reach a balanced condition after a time 
and seem to stop, though as a matter of fact they are 
progressing in one direction as rapidly as in the other, 
hence are described as being in dynaniic equilibrium. 

The rate at which any reaction takes place depends on 
temperature, pressure or concentration, and tfib effect 
of any catalyst present. A catalyst changes the rate of 
reaction without itself being altered. 

Heat of Reaction — The heat of reaction is the quantity 
of heat absorbed or liberated in a chemical change. Its 
value depends on the physical state of the reacting ma- 
terials and products as well as the temperature. It is 
usual to give the standard heat of reaction which is de- 
fined as the change in heat content resulting from the 
reaction under a pressure of one atmosphere, starting 
and ending with all materials at a temperature of 18® C 
or 64.4® F. 

Heat of formation represents a special case of the heat 
of reaction. The reacting materials are the necessary 
elements and the compound in question is the only 
product formed. Tables of the heat of formation of com- 


pounds will be found in the standard texts on thermo- 
chemistry. By combining the heats of formation of vari- 
ous compounds, it is possible to calculate the heat of 
reaction for any reaction. The heat of formation of ele- 
ments is zero. The heat of reaction is the difference be- 
tween the sum of the heats of formation of the products 
and the sum of the heats of formation of the reactants. 

The correction of the standard heat of reaction to the 
heat of reaction at some other temperature is necessary 
m actual practice, since few reactions take place at 
exactly G4.4® F. The calculation is based on a considera- 
tion of the initial and final stales of any system. The 
same net amount of heat is required to go from some 
initial state to some final state regardless of the path or 
method used in making the change. If thi.s were not true 
we would go by the path requiring the least heat and 
come back by the path requiring the most heat. This 
would give us a net amount of heat, and we would have 
a source of heat without doing any work or a kind of 
perqx'tual motion. 

To make the correction, the amount of heat required 
to raise the reacting materials and products from 64.4® F 
to the temperature of reaction are calculated from the 
heat capacities, and any heats of change of state and 
transformation. Now the standard heat of reaction plus 
the heat added to the products is equal to the heat added 
to the reacting materials plus the heat of reaction at the 
desired temperature. 

Kinds of Reactions — As already indicated, all reac- 
tions may be placed under one of two heads; namely, 
those that liberate heat, called exothermic, and those 
that absorb heat, called endothermic. A more detailed 
classification, such as the following, is sometimes em- 
ployed: 

1. Direct combination: 2 II 3 4 Oa == 2II O. 


2 . Direct decomposition: 2IIgO = 2 IIg 4 - Oa. 


3. Simple replacement or substitution: 

2ILO -f- 2Na = 2NaOH 4- H. 


4. Double replacement: 

BaCL 4- HaSOi == BaSOi + 2HC1. 


5. Oxidation — 


6 . Reduction- - 


3Fe -h 20a =: Fe*Oi. 
2FeCla 4- CL - 2FeCL. 


FeaOi 4 - 4Ha =: 3Fe 4- 4H O. 
2FeCL 4 - Ha = 2FeCL 4- 2HC1 


The two processes of oxidation and reduction are of 
great importance in metallurgy. They have a triple 
meaning. Primarily, oxidation means the taking on of 
oxygen by an clement or compound, and reduction 
means the giving up of oxygen. In the ca.se of elements 
that form more than one compound, if the number of 
atoms of one that combines with a fixed number of the 
other be increased, the process is oxidation; if decreased, 
reduction. In metallurgy an element in the metallic state 
is said to be reduced. The two processes are inseparable; 
when one thing is reduced, another is oxidized. In met- 
allurgical operations these two processes are of para- 
mount importance, for all the substances reduced con- 
stitute tlie metallic product and all in oxidized form 
make up the slag. 
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SECTION 3 

KINDS OF CHEMICAL COMPOUNDS 


A close study of a great number of chemical com- 
pounds shows that these substances fall into four classes; 
namely, acids, bases, salts, and nonelectrolytcs. 

Acids are characterized by the fact that they all have 
a sour taste when in water solution and change the color 
of certain chemicals, called indicators. A common in- 
dicator is litmus, the color of which is red in the pres- 
ence of acids. 

Bases have the power of neutralizing acids, and may 
be looked upon as their opposites. Examples are quick- 
lime, lye, etc. Bases change the color of red or neutral 
litmus to blue. 

Salts are the products formed when acids are neu- 
tralized by bases. Common tabic salt, made by neutral- 
izing hydrochloric acid with sodium hydroxide, is an 
example. As a rule acids, bases, and salts are electro- 
lytes, that is, their water solutions will conduct the 
electric current. 

Nonclertrolytes— There are some compounds that do 
not resemble either acids or bases, nor can they be 
classed as salts. They are characterized by the fact that 
their water solutions will not conduct the electric cur- 
rent, so are termed nonelectrolytcs. Ordinary sugar is 
an example. 

Anhydrides — Inorganic acids and bases, in general, 
can be decomposed by heat. Acids and bases are broken 
up into water and oxides, the oxides being called 
anhydrides. Acids give acid anhydrides, and bases, basic 
anhydrides. These anhydrides, at elevated temperatures, 
have the same power of neutralization that their cor- 
responding compounds possess in water solution. Thus, 


acid and basic anhydrides can react to form neutral 
compounds to which the term slag is applied instead of 
salt. Many salts, in crystallizing from aqueous solutions, 
unite with or, better, lake up a definite amount of water, 
which does not go to form a new compound, but to form 
crystals, and is called, therefore, water of crystallization. 
This water is held very loosely by the molecule and is 
readily given up by it. In some crystals, like those of 
washing soda, for example, this tendency is so pro- 
nounced that they give up their water of crystallization 
to the air, if its humidity is low. Such substances are 
said to be efflorescent. On the other hand, many dry 
substances absorb moisture from the air and are, there- 
fore, said to be hygroscopic. A few substances will ab- 
sorb enough water from very moist air to become wet 
and actually go into solution in the water they absorb. 
These substances are said to bo deliquescent. The fol- 
lowing reactions will serve to illustrate these facts inso- 
far as they involve chemical changes: 

HuSiO* -f heat = HuO + SiOa 
Metasilicic Water Silica 

Acid (silicic 

anhydride) 

Mg (OH) a ‘f- heat = ILO + MgO 
Magnesium Magnesia 

Hydroxide (a basic anhydride) 

Na.S 04 * 10H«O -f heat = lOILO + Na^SO* 
Glauber Salt Sodium 

( Crystallized ) Sulphate 

(Dry Powder) 


SECTION 4 

VALENCE AND VALENCE NUMBERS 


Valence — Reference was made in Section 3 of Part 1 
of this chapter, under “The Electronic System,” to the 
designation as valence electrons of the electrons in the 
two outermost “shells” or energy levels of the electronic 
system of the atom. In some chemical changes, an actual 
transfer of electrons from an atom of one clement to an 
atom of another element takes place. An atom or group 
of atoms that loses electrons becomes positively 
charged; any that gain electrons become negatively 
charged, since the normally electrically neutral state of 
the atom is unbalanced by the gain or loss of negatively 
charged electrons. Two atoms that have become op- 
positely charged may become bound together by these 
electrical charges of opposite sign that result from an 
actual transfer of electrons. What are called ionic sub- 
stances are formed in this manner. 

Atoms of two (or more) elements involved in a chem- 
ical change may, instead of having electrons actually 
transferred between atoms, share electrons; the shared 
electrons then link the atoms together to form mole- 
cules. 

In the case of ionic substances, the charge on an ele- 
ment in a given compound is the Ionic valence of that 
clement, and is either positive or negative as describcKl 
for the case of the sodium ions (Na^) and sulphate 
radical ions (SOr ~) mentioned later in the discussion of 
“Ions and Electrolysis.” 

When molecules of a substance are formed by two 



Cl Cl 


(o) FORMATION OF THE HYDROGEN CHLORIDE MOLECULE FROM AN 
ATOM OF HYDROGEN AND AN ATOM OF CHLORINE 



(b) FORMATION OF THE WATER MOLECULE FROM TWO ATOMS OF 
HYDROGEN AND ONE ATOM OF OXYGEN 


Fig. 3—7, Schematic representation of covalence in which 
molecules are formed by atoms sharing electrons. These 
are special cases of non-ionic valence. 
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atoms sharing elections, the atoms are said to have 
non-ionic valence. Figures 2-~7a and 2— 7b show special 
cases of non-ionic \ ;ilence, where molecules are formed 
by atoms shanne pairs of electrons in which each elec- 
tron of a pail ih spinning in an opposite direction; this is 
termed covalence which, unlike ionic valence, is neither 
positive nc'i )i\-^Uitive. 

Valence Numbers — In balancing chemical equations, 
us will be discussed later, the valence number repre- 
sen I die aiiparent valence of an element is a useful 
aid- To d< (ermine valence numbers of the atoms in a 
( ompotiiid, it is customary to arbitrarily consider each 
atom as having a unit positive charge and each 
oxvr.eri atom as having a double negative charge. The 
\aic‘ncc numbers of any other atoms in the compound 
are ihen calculated to be either positive or negative and 
of such magnitude that the algebraic sum of the valence 
numbers of all the atoms in the compound is zero. For 


example, in sulphuric acid (HsSOi), the two hydrogen 
atoms would have a total charge of 2 X (4-1) or 4-2, 
and the four oxygen atoms a total charge of 4 X (—2) 
or — 8; the sulphur atom then would have a valence 
number of 4- 6 if the numerical sums of the charges of 
opposite sign are to be equal. It should be stressed that 
a valence number of 4- 6, as in this case, does not mean 
that tlie sulphur atom actually has lost six electrons to 
acquire a positive charge of 4- 6; in other words, valence 
numbers are for convenience in chemical calculations, 
and do not necessarily represent true valence. Valence 
numbers indicate the valence state of an element in a 
particular compound. In the case of sulphur in sulphuric 
acid just mentioned, the valence state of the sulphur 
would be indicated by S^, which is called a valence 
state symbol. Atoms with valences of one, two, three, 
etc., respectively, are said to be univalent, divalent, 
trivalent, etc. 


SECTION 5 

RADICALS 


In the molecules of many chemical compounds, certain 
groups of atoms appear to be more closely bound to- 
gether than others in the same molecule. In these groups 
the atoms composing them appear to bear a fixed re- 
lation to each other, which remains unchanged during a 
chemical reaction. Thus, in many wet reactions in which 
HeSOi is employed as a reagent, the sulphur and oxygen 
do not separate but remain closely combined, as illus- 
trated in the reaction that takes place between this acid 
and barium chloride to form barium sulphate and 
hydrochloric acid: 


H,(SO*) 4- BaCL = Ba(S04) 4- 2HC1 

Such a group of atoms, as typified by (SO*) above, is 
called a radical. Thus, a radical may bo defined as a 
group of atoms which are combined chemically in such 
a way that they act as an atom of a single element. 
Among the more commonly encountered radicals are 
the sulphate radical just mentioned (SO*), the nitrate 
radical (NOa), the phosphate radical (PO*), the hy- 
droxyl radical (OH) and the ammonium radical (NH*) . 


SECTION 6 

IONS AND ELECTROLYSIS 


Distilled water, that is, water which contains no dis- 
solved chemicals, has a very high resistance to the flow 
of electric current. However, when a substance like 
sodium chloride is dissolved in distilled water, the re- 
sulting solution will readily conduct a current. The rea- 
son is that the sodium chloride dissociates into elec- 
trically charged units, or parts of the molecule, called 
ions. It is these ions which are conducting the current. 



Fig. 2 — 8. Decomposition of water 
and formation of sodium hy- 
droxide and sulphuric acid 
from sodium sulphate by elec- 
trolysis. 


The following simple experiment may be employed to 
throw additional light upon this subject. Into the U-tube 
of Figure 2 — 8 is placed a solution of sodium sulphate 
and some neutral litmus, into which arc immersed two 
small platinum rods to act as electrodes for an electric 
current. Upon closing the circuit, bubbles of hydrogen 
arc given off at the cathode or negative pole and bubbles 
of oxygen at the anode or positive pole, while the solu- 
tion about the cathode becomes deep blue in color, 
showing it is basic, and that about the anode becomes 
red, showing it to be acid. These facts are explained by 
assuming that the molecules of dissolved NaitSO* dis- 
sociate into parts called ions. This dissociation is indi- 
cated thus: NaaSO* = 4- Na^ 4- SOr The sodium 

ions, Na^, carrying a positive charge of electricity, are 
propelled by the current toward the cathode (the nega- 
tive pole), while the negatively charged sulphate ions, 
SO4'", each carrying a double negative charge, go to 
the anode or positive pole. Here they give up their 
charges and become chemically active, decomposing the 
water thus: 

2Na 4“ 2HaO = 2NaOH 4- H. 

280* 4- 2HaO = 2aS0i 4- O, 

Hydrogen and oxygen are the products. It is the basic 
sodium hydroxide (NaOH) which causes the solution 
at the cathode to become blue, and the sulphuric acid 
(HxSO*) which causes the solution at the anode to turn 
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red. However, if the portions of solution were brought 
together by stirring, the hydroxide and acid would react 
to reproduce once more the original sodium sulphate. 
This experiment is but one example of electrolysis. Any 
inorganic acid, base, or salt may be substituted for the 
sodium sulphate; and any conductor of electricity may 
be used instead of platinum. 


It has been found that one gram equivalent weight of 
matter, that is the atomic weight in grams divided by 
the valence, is chemically altered at each electrode for 
each 96,500 coulombs, or one faraday, of electricity 
passed through the electrol 3 rte. This is Imown as Fara- 
day’s Law. A coulomb is an aniount of current equal to 
the flow of one ampere for one second. 


SECTION 7 

FUNDAMENTAL LAWS OF CHEMICAL CHANGE 


Law of Constancy of Nature — Under the same condi- 
tions, reactions involving the same substances will al- 
ways produce the same results. 

Law of Conservation of Matter — Early in the history 
of science, a most fundamental conclusion was reached; 
namely, that matter can neither be created nor de- 
stroyed; in other words, the amount of matter in the 
universe cannot be increased or decreased. Thus, in 
every chemical process, the quantity of matter remains 
constant and only the form changes; that is, the total 
mass of substances which react chemically is equal to 
the mass of the resulting products. In recent years, 
nuclear physicists working on the splitting of atoms 
(nuclear fission) have discovered that actually matter 
can be converted into energy, so that strictly speaking 
this law is not entirely valid and must be amended. 
However, this matter need not be considered here, since 
for ordinary chemical and physical processes the law 
holds accurately. 

The I-.aw of Definite Proportions (Dalton’s first law) 
states that when elements combine to form a substance, 
they do so (with a few exceptions) in definite propor- 
tions by weight. For example, 112 parts by weight of 
iron will combine with 48 parts by weight of oxygen to 
form Fe»0«, or fourteen parts by weight of nitrogen will 
combine with sixteen parts by weight of oxygen to form 
nitric oxide (NO) . The definite weights are called com- 
bining weights. 

Some pairs of elements form more than one com- 
pound, and the combining weights of the elements in 
these compounds are simple multiples of each other. 
This fact is stated in the Law of Multiple Proportions 
(Dalton’s second law) as follows; when two elements 
unite to form more than one compound, if a fixed weight 
of the one is considered, the weights of the other which 
combine with it are integral multiples of one another. 
The following compounds are examples: 


Parts Parts 

by Weight by Weight 
Compound Nitrogen Oxygen 

Nitrous oxide, NaO 28 16 

Nitric oxide, NaOa or NO 28 32 

Nitrogen trioxide, NaOi 28 48 

Nitrogen peroxide, N^Oa or NO» 28 64 

Nitrogen pentoxide, N«0« 28 80 


Since atoms do not subdivide in chemical changes, it 
is easy to see that the foregoing two laws must be true, 
since whole numbers of one type of atom will always 
combine with whole numbers of other atoms. Since 
atomic weights are fixed, the combining weights would 
have to be simple multiples related to the numbers of 
atoms involved. 

Qualitative Considerations — In practical chemical 
work it is usually desirable to have reactions go to an 
end. Hence it is desirable to have in mind two laws of 
equilibrium. According to Le Chatelicr’s Law, the appli- 
cation of a stress, i.e., change of temperature, concentra- 
tion, or pressure, to a system in equilibrium causes a 
reaction, displacing the equilibrium in the direction that 
tends to undo the effect of the stress. 

A particular case of this law is van’t Hoff’s law of 
mobile equilibrium which states that if the temperaiure 
of a system in equilibrium is raised, the equilibrium 
point is displaced in the direction that absorbs heat. 
This law applies to both chemical and physical equi- 
libriums. 

As an aid in writing reactions the following laws may 
be found of value: 

A. The reaction of two or more substances will go to 
an end, that is, will be complete, provided: 

(1) One of the products is volatile at the tempera- 
ture of the reaction. 

(2) One of the products is insoluble in the solvent 
in which the reaction takes place. 

(3) One of the products is a nonelectrolyte, that is, 
does not ionize in the solvent. 

B. The speed of a chemical action in a given direction 
may be increased by effecting a greater concentra- 
tion of one of the reacting substances. This is a 
simple, nonmathematical statement of the law of 
mass action. 

C. Chemical reactions always tend to proceed in the 
direction that will liberate the most heat, and 
without the addition of heat from an external 
source those substances that have the greatest 
heats of formation will tend to form. 


SECTION 8 

SOLUTIONS 


There are no good rules to predict the extent to which 
a substance will dissolve in a liquid. In dilute solutions 
the component present in large excess is called the sol- 
vent, and the dissolved substance is called the solute. 
The concentration of the solute may be expressed in mol 
fractions. The mol fraction of a solute in a solution is 
the number of molecular weights of the solute present, 
divided by the number of molecular weights, or mols, 


of all substances present. An example of calculating mol 
fraction will be found in the section of this chapter on 
chemical calculations. The sum of the mol fractions of 
the varioTis components in a solution must be one. 

Distribution Coefficient— If two liquids are insoluble 
in each other and a third component, the solute, is 
added, the solute will distribute itself between the two 
immiscible layers in such a way as to satisfy its solu- 
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bility in the two liquids as well as its ability to react 
with either or both of the liquids. The ratio of its con- 
centrations in the two layers is called the distribution 
cocdicient. The distribution coefficient is a constant for 
each pair of niulually insoluble liquids with a particular 
solute. The con.stant changes with temperature. It is a 
constant n gardliss of the amount of solute or relative 
cjuantities of the two immiscible solvents. 

Vapor Trcssure of Solutions— Several rules have been 
d( velopt'd for calculating the vapor pressure of solu- 
tions. One is Raoult’s Law for the solvent. This states 
Oiat the partial vapor pressure of the solvent in equi- 
librium with a solution is directly proportional to its 
mol fraction. That is, the partial vapor pre.ssurc exerted 
by the solvent is equal to the vapor pressure of the pure 
solvent at the temperature in question times the mol 
fraction of solvent present. If the solute is non-volatile 
tlie partial vapor pressure of the solvent is the total 
vatior pressure. Henry’s Law states that the partial 
vapor pressure due to a volatile solute is proportional to 
its mol fraction. The value of the proportionality con- 
stant for Henry’s Law must be determined experi- 
mentally for each system and at each temperature. 

Phase or Constitution Diagrams — Many metals are 
soluble in each other (at least partially) in the liquid 
state, and some remain dissolved in each other in the 
solid state after their liquid solution has cooled suffi- 
ciently to change from the liquid to the solid state. As a 
special part of the study of solutions, a knowledge of 
the changes in metals and alloys with variation in chem- 
ical composition and with mechanical and thermal 
treatments can be expressed by phase or composition 
diagrams, which, however, refer only to systems that 
are in equilibrium. A large number of these diagrams 
covering most of the binary alloys and many multi- 
component alloys have been determined experimentally. 
These have become the basis for deciding compositions 
and heat treatments to give tlie desired properties for a 
particular application. These diagrams, also called 
phase, oqui librium composition or constitution dia- 
grain.s, are widely used in the refractory field. 

The phases of a system arc the parts which are sepa- 
rated from one another by definite physical boundaries. 
For example, a liquid in contact with a solid has a 
definite physical boundary, thus two phases, a liquid 
and a solid, are pres(3nt. Also, since every solid phase 
is characterized by a distinctive atomic configuration, a 
di.scontinuous change in type or spacing of atom packing 
is necessarily a phase change. Two mutually insoluble 


materials, whether as liquids or as solids, show two 
phases. 

Time-Temperature Curves— One method that can be 
used to determine the phase diagram is to heat a mix- 
ture until it melts and then to plot the change in tem- 
perature with time as the mixture cools with a constant 
outside temperature environment. The shape of time- 
temperature curve obtained will depend on the heat los» 
of the system and the energy changes occurring within 
the system. As long as only liquid is present, cooling 
(temperature-drop versus time) will proceed at a 
gradually decreasing rate, and the time-temperature re- 
lationship will be a continuous curve. However, when- 
ever material is crystallized, or solidified, the heat of 
fusion is liberated, and this liberation of the heat of 
fusion within the material furnishes the heat that is 
being lost from the system, causing the temperature to 
remain fairly constant. This results in a leveling or “jog” 
in the time-temperature curve. Whenever all the ma- 
terial has solidified the temperature will again drop, and 
the time- temperature curve will again become con- 
tinuous. 

If, during the cooling of the solid to room temperature, 
there is a crystal change or the formation of an addi- 
tional phase because of mutual solubility decrease, the 
heat of transformation will be liberated and another jog 
in the time-temperature curve will be noted. Some of 
these changes are accompanied by such a small libera- 
tion of heat, or at Such a slow rate, that the effects on 
the time-temperature curve are slight and other meth- 
ods, such as micrographic analysis, X-ray diffraction, 
dilatometric measurements, etc., must be used to find 
the temperature where the change to another phase 
takes place. 

After obtaining the time- temperature curves for a 
number of compositions, phase diagrams can be con- 
structed by plotting the temperature where jogs appear 
in the time-temperature curves as a function of the 
composition of the alloy being studied. A study of the 
freezing of solutions has shown that they fall into two 
classes: (1) those in which the ingredients in solution 
in the liquid state remain in solution in the solid state, 
and (2) those in which the state of solution i.s not main- 
tained in the solid state, that is, those in which the in- 
gredients separate on freezing. Both classes are en- 
countered in the study of alloys. 

An Example of the First Class of Solutions — One of 
the best examples of the first kind of solution is a mix- 
ture of gold and silver. If quantities of these two metals 
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be placed in a vessel and heated until they melt, a 
homogeneous mixture, or a liquid solution, results; and 
if this mixture be allowed to cool to the solid state, it 
remains homogeneous, that is, it is a solid solution. A 
study of many mixtures in which the proportions of gold 
to silver are varied shows that freezing begins and ends 
at a different temperature for each mixture. Pure gold 
freezt's at 1944” F (1949” F according to some author- 
ities) and pure silver at 1762” F, and the freezing points 
of mixtures occur between these two points. Unlike the 
pure metals, however, these mixtures do not solidify 
completely at a constant temperature, but their freezing 
is prolonged through ranges of temperature. These facts, 
determined definitely by experiment, may be repre- 
sented by a diagram, or curve, in which the ordinates 
represent temperatures and tlie abscissae the percent- 
age of gold or silver or both. 

A typical time-temperature curve for this system is 
shown in Figure 2 — 9, to the left of the diagram. Point 
“F” shows the temperature where freezing starts and 
point “S’* is the temperature where freezing ends and 
below which only solid is present. 

To illustrate further, suppose 60 oz. of gold be mixed 
with 40 oz. of silver, and the whole heated to a tempera- 
ture of 1994® F. The locus of this point would be at “L” 
in the region of the liquid state. If now, this molten so- 
lution be allowed to cool slowly, crystallization will be- 
gin at “F,” about 1906” F, and end at “S,” about 1814® F. 
The first crystals formed will be richer in gold than the 
liquid — the proportion being, in this case, about 90 parts 
gold to 10 parts silver — while the crystals formed last 
will be richer in silver than the mother liquid; but the 
average compo.sition of all will be the same, namely 60 
per cent gold and 40 per cent silver. Furthermore, while 
solidification is going on, a process of diffusion takes 
place and tends to adjust the composition of each in- 
dividual crystal, thus bringing it nearer that of the 
average. Therefore, under normal (non-equilibrium) 
cooling conditions, each crystal exhibits a continuous 
variation in composition from the center, which would 
be the first to freeze, to the outside which would be the 
last to freeze. 

An Example of the Second Class of Solutions — ^The 
second class of solutions exhibits complete solubility in 
the liquid state and only partial solubility in the solid 
state. An example is the silver-copper scries of alloys, 
the phase diagram of which is shown in Figure 2 — 10. 

The 5 per cent copper — 95 per cent silver alloy in this 
series is typical of alloys containing up to 8.5 per cent 



Fig. 2—10. An example of second class of solutions. Freez-* 
ing of liquid silver-copper. 


copper, and is indicated as point ‘W* on the phase dia- 
gram. Suppose this alloy be heated to a temperature of 
2000® F. As this temperature is above the fusion points 
of silver and copper, it is sufficiently high to insure that 
the mixture will be completely liquefied. On cooling this 
solution, no crystallization takes place until a tempera- 
ture of about Ti is reached, at which temperature, 
crystals of alpha phase (silver in which is dissolved a 
small amount of copper) begin to separate from the 
solution, making the remaining solution poorer in silver 
but richer in copper. The separation of the alpha phase 
causes a retardation of the rate of cooling, .showing that 
heat is evolved thereby; and the freezing point of the 
mother liquid is lowered, so that no further separation 
of alpha phase takes place until more heat is abstracted. 
This retardation in the rate of cooling is reflected by a 
distinct change of slope in the time-temperature cooling 
curve. If the cooling be continued, however, tlie separa- 
tion of the alpha phase will also continue. From the 
time- temperature cooling curves of alloys of different 
compositions, the points at which freezing starts; i.e., the 
points at which the slope of the curve changes, are 
plotted to give the line “MO” shown in Figure 2 —10. 

When the cooling with the accompanying separation 
of alpha has reached the temperature Ts, all of the 
liquid has frozen to the alpha phase which has an aver- 
age composition of 95 per cent silver and 5 per cent cop- 
per. The temperature at which freezing ends is reflected 
by another change in the slope of the time-temperature 
cooling curve and, from cooling curves of alloys of dif- 
ferent composition, the temperatures at which thLs 
change of slope occurs are plotted against the composi- 
tion of the alloy (line “MN” on the diagram). 

On further cooling, nothing happens until the tem- 
perature T« is reached. At this temperature, small crys- 
tals of the beta phase (copper, in which is dissolved a 
small amount of silver) begins to separate from the solid 
alpha phase and this separation continues as the tem- 
perature decreases. Therefore, at room temperature, the 
equilibrium structure of the 5 per cent copper — 95 per 
cent silver alloy consists of primary crystals of the alpha 
phase in which are dispersed, often in a geometrical 
pattern, smaller crystals of the beta phase. 

The line “NP” on the phase diagram gives, for any 
particular alloy, the temperature at which the beta 
phase begins to separate from the alpha phase and thus 
shows how the solubility of the copper in the alpha 
phase is affected by temperature. The points for this 
line are usually determined by X-ray diffraction. 

The behavior of alloys having compositions between 
points “N” and “O” on the phase diagram can be de- 
scribed by considering an alloy containing 20 per cent 
copper and 80 per cent silver. This alloy begins to freeze 
at a temperature of T* and the freezing proceeds in a 
manner similar to that described for the 5 per cent cop- 
per — 95 per cent silver alloy. However, when the tem- 
perature of Te is reached, part of the alloy is still liquid 
and the composition of the remaining liquid, designated 
by the point “O,” is called the eutectic composition. At 
this temperature, called the eutectic temperature, the 
remaining liquid freezes into minute crystals of alpha 
and beta phase. 

The heat liberated by the simultaneous freezing of the 
alpha and beta phases causes a distinct jog in the time- 
temperature cooling curve similar to that which occurs 
when a pure metal freezes. Thus, when cooling an alloy 
having a composition corresponding to the eutectic com- 
position, the time-temperature cooling curve is the same 
as that obtained when a pure metal freezes. 

Alloys whose compositions lie to the right of the 
eutectic composition freeze in a manner similar to that 
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described above except that for the alloys to the right perature is represented by an ordinate projecting up- 
the beta phase is the first to separate. ward at right angles from the base composition triangle. 

Ternary Systcuiis — As the number of components in a Thus, with most ternary diagrams, the reader is really 

system increases, tfie graphical presentation of equilib- looking at the imeven top surface of a triangular prism 

rium conditions m that system becomes more difficult, whose height at any point on that surface represents 

With a tiiree component system, a three-dimensional the liquidus temperature for that composition. However, 

diagram is iet|Liired to show all compositions within the temperatures are usually projected onto the base corn- 

system Kar h apex of the equilateral triangle forming position triangle where they appear as isotherms, to- 

tiie liase of the tliree dimensional diagram represents gether with the boundary lines of phases in equilibrium 

100 per cent of one of the components, and any point at the liquidus temperatures. 

within triangle must always add up to 100 per cent, While the foregoing is sufficient to provide consider- 
sirn plo geometric relationships determining the per- able useful information concerning a ternary system, 

cent<jge of each component present. With the diagram the ability to follow the devious paths of melting or 

ihu.s devoted to composition, there remains the problem crystallization and to determine the shifting composi- 

of r( presenting the other variables of pressure and tern- tions and percentages of liquids and solids along these 

p( raturc. Accordingly, pressure is held constant, usually paths requires a far more intimate knowledge of phase- 

al one atmosphere, as with binary systems, while tern- rule application than can be provided here. 

SECTION 9 

CHEMICAL NOMENCLATURE 


General Principle— The names of the elements first 
discovered, and, therefore, unfortunately, the more 
common ones, are not based on any principle; but of 
the more recently discovered elements the metals have 
received names ending in um or ium, and the metalloids, 
in n or ne. In the naming of compounds, however, the old 
names have been discarded and new ones substituted. 
The system employed in assigning these new names is 
this: The name of a compound should show the ele- 
ments of which it is composed, and as far as possible 
their relative proportions. 

Terminology of Binary Compounds — ^The simplest 
compounds arc those composed of only two elements. 
The names of all such compounds are made up of the 
name of the basic element, if one is present, succeeded 
by the name of the acid element, which ends in ide. 
Examples: ferrous (iron) sulphide, (FeS) ; sodium 
chloride, (NaCl); calcium oxide, (CaO). 

In such cases as iron and sulphur, where the same 
two elements combine to form more than one compound, 
the compounds, when two in number, are distingui.shed 
by changing the ending of the metallic part of the name 
from ous to ic; thus, ferrous sulphide, (FeS); ferric 
sulphide, (FeiSi); stannous chloride, (SnCL); stannic 
chloride, (SnCL). In the compounds for which the 
metallic element is given the -ic ending, the apparent 
valence of the metal is more positive than that of the 
metal in the -ous compounds. For example, the appar- 
ent valence of iron atoms in ferrous compounds is -\- 2; 
in ferric compounds, + 3. Often a prefix is added to the 
name of the acid element to indicate the number of its 
atoms to the molecule. Carbon dioxide (COO and car- 
bon monoxide (CO) are examples. When radicals are 
present in a compound, the compound contains the 
name of the radical unchanged. Zinc nitrate, Zn(N08)2, 
and ammonium sulphate, (NH4)2(SO0 are examples. 

Terminology of Ternary Compounds— The names of 
compounds that contain three elements, provided they 
are not derived from acids, may end in ide. In this case 
all three of the elements appear in the name, as sodium 
aluminum fluoride, (NaJVlFo), bismuth oxychloride, 
(BiOCl). A few ternary compounds derived from ic 
acids have names ending in ate, as potassium chlor- 
platinate, (KaPtCL). 

Terminology of Acids — Acids are composed of the 
acid-forming elements in combination with hydrogen or 
with hydrogen and oxygen. The name of a given acid is 
derived from the name of the acid-forming element and 
may end in ic. An example is hydrochloric acid (HCl) . 


Acids, like sulphuric (H2SO4) and orthophosphoric 
(H 8 PO 4 ), which contain more than one replaceable 
hydrogen atom are called, as a class, poly basic acids; 
and in individual cases, the different acids are referred 
to as dibasic or tribasic. For example, potassium and 
sodium may replace the two hydrogen atoms in H.SOi 
to form sodium potassium sulphate (NaKSOi). In all 
such double salts, both the base-forming elements must 
appear in the name of the salt. 

Terminology of Bases— The base-forming elements 
form compounds with hydrogen and oxygen in which 
these two elements appear as a group, OH, called the 
hydroxyl radical. Hence, these compounds are called 
hydroxides. Sodium hydroxide, NaOH, is an example. 

Terminology of Salts-- Salts take their names from 
those of the base -forming elements and the acids of 
which they are composed, changing the endings of the 
acids. Salts of acids that end in ic change this ending to 
ide and ate, and those that end in ous, to ite. Thus, 
sodium chloride, (NaCl), derived from hydrochloric 
acid, sodium perchlorate, (NaC 104 ), from perchloric 
acid, and sodium chlorite, (NaCl Oii), from chlorous acid, 
are examples. Other systems of nomenclature are in 
use, but the ones just noted cover the largest field. 

Neutralization — Hydroxyl and Hydrogen Ions — When 
an acid is mixed with water, dissociation of the mole- 
cules takes place and ions are formed which carry posi- 
tive and negative charges. The positive ions are hydro- 
gen and the negative ions are the acid radicals. When a 
base dissolves, a similar dissociation of the molecules 
takes place, the positive ion being the metal and the 
negative, the group OH, called hydroxyl ions. If the 
solutions of an acid and a base are mixed, a salt is 
formed from the union of the metal with the acid radical 
and water is formed from the union of the hydrogen 
ions with the hydroxyl ions. These changes may be il- 
lustrated with hydrochloric acid and sodium hydroxide 
in solution, and written thus: 

HCl NaOH 

i i 

Cl- + Na*t?Na*Cl- 

”1" "h 

H^ + OH-~>HaO 

From this it will be seen that, chemically defined, an 
acid is a compound which in solution gives hydrogen 
ions, while a base gives hydroxyl ions, and the funda- 
mental neutralization reaction is the simple expression, 
H* + OH~->H«0. 



CHEMISTRY AND PHYSICS 


27 


SECTION 10 


CHEMICAL CALCULATIONS 


Kinds of Problems — Chemical calculations are of 
great importance because they make it possible for the 
operator to predict the quantity of material needed for 
certain chemical and metallurgical reactions. In the case 
of solids (iron ore, limestone, etc.) the calculations are 
generally made in terms of weight. In the case of gases 
(oxygen, carbon dioxide, etc.) the calculations could 
also properly be made in terms of weight, but it is more 
convenient to think in terms of volumes, and, since the 
relation between weight and volume (of gases) is 
known, many gas calculations are carried out in terms 
of volumes. 

The calculations are possible because chemical ele- 
ments (such as carbon or oxygen) or compounds (such 
as carbon monoxide or calcium oxide) alwa3rs combine 
with other elements or compounds in definite propor- 
tions. For example in the well-known metallurgical re- 
action in which oxygen (O) combines with carbon (C) 
to form carbon monoxide (CO), it will always happen 
that 16 grams of oxygen will combine with just 12 grams 
of carbon (neither more nor less) to form 28 grams of 
carbon monoxide. Similarly, when carbon monoxide 
(CO) gas is biuned by reaction with oxygen to form 
carbon dioxide (CO2) gas, it will always happen that 
16 grams of oxygen will combine with 28 grams of CO 
to form 44 grams of CO». Sixteen grams of oxygen will 
never require 27 or 29 or 30 grams of CO, but always 
just 28 grams of CO to make COa. 

The reason for the foregoing is the fact that one atom 
of oxygen always combines with just one atom of carbon 
in the first reaction above, and one atom of oxygen 
weighs 16 units and one atom of carbon weights 12 units 
on the atomic scale. 

These circumstances have resulted in a kind of chem- 
ical shorthand, in which the first reaction above is writ- 
ten as follows; 

C + VzO, = CO. 

To the chemist, this says at once that the elements 
carbon and oxygen react here in the ratio of one atom 
of carbon to one atom of oxygen, and since the chemist 
knows that oxygen has an atomic weight of 16 and car- 
bon has an atomic weight of 12, he knows that 16 units 
of oxygen will always react with 12 imits of carbon, by 
weight. (The expression is used in the equation 

to represent one atom of oxygen in recognition of the 
fact that oxygen normally exists in the molecular state, 
with two atoms in each molecule.) 

A combination of atoms is called a molecule. Thus CO 
is a molecule. Its weight is called the molecular weight 
and is equal to the sum of the weights of the atoms of 
which it is composed. CO is called the formula of carbon 
monoxide. 

The principles of calculation, using round numbers 
for atomic weights in some instances, are illustrated in 
the following simple examples. 

Four Problems Involving Weight 

(1) Calculation of molecular weight from the chem- 
icid formula, the separate atomic weights being known. 
This is a simple arithmetical addition. Suppose the 
formula of copper sulphate is known to be CUSO4, and 
suppose the atomic weights are known to be as follows; 
Copper (Cu) atomic weight 63.54 

Sulphur (S) atomic weight 32.06 

Oxygen (O) atomic weight 16.00 


Then the molecular weight of copper sulphate CuSO^ 
must be: 

1 Copper 63.54 X 1 = 63.54 

1 Sulphur 32.06 X 1 = 32.06 

4 Oxygen 16.00 X 4 ~ 64.00 

Sum =: 159.60 

The molecular weight of copper sulphate, CUSO4, is 
thus 159.60. 

(2) Calculation of percent by weight of each element 
in a compound, the atomic weights being known. Using 
the data of Problem No. 1 just above, it is recognized 
that the weight of the copper, Cu, is 63.54 and the weight 
of tlie copper sulphate, (iuS04, is 159.60. Consequently 
the copper constitutes 

63 54 

— ^ or 39.81% by weight, of the copper sulphate. 

159.60 

In the same way the sulphur constitutes 
32 60 

159 60 weight, of the copper sulphate. 

Likewise, the oxygen constitutes 

40.10% by weight, of the copper sulphate. 

The total of course adds up to 
Copper * 39.81% 

Sulphur • 20.09 

Oxygen • 40.10 

Total 100.00% 

(3) Calculation of the Formula of a Compound, from 
its Chemical Composition. A substance, known to be a 
chemical compound and known to be pure, is of the fol- 
lowing composition: 

Calcium, Ca 29.44% by weight 

Sulphur, S 23.55% by weight 

Oxygen, O 47.01% by weight 

Total 106.00% 


The problem is to find the molecular formula, the 
atomic weights of the three elements being known 
to be: 

Calcium 40.08 
Sulphur 32.066 
Oxygen 16.00 


It will be seen that this is just the reverse of problem 
2, where it was desired to calculate, from the formula, 
the proportion (by weight) of each element, instead of 
the formula from the proportions by weight (as in this 
case). 

In this case, a certain number of atoms of calcium, of 
atomic weight 40.08, make up 29.44% of the total weight. 
Then 29.44 divided by 40.08 is a number which is pro- 
portional to the number of atoms of calcium. 

2944 

^=0.7344 for Ca 


Similarly, 23.55 divided by 32.066 is a number which 
is proportional to the number of sulphur atoms. 


23.55 

Z2jm 


= 0.7344 for S 
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Similarly, 47.01 divided by 16.00 is a number which 
is proportional to the number of oxygen atoms. 

2.038 

IG.OO 

The calcium, sulphur and oxygen atoms are thus 
present in the proportion 

0.7344 to 0,7344 to 2.938 
v/hich is about the same as 1 to 1 to 4. 

Consequently, the formula of the above compound 
would be written CaSOi, which means that each mol- 
ecule of the compound contains one atom of calcium 
and one atom of sulphur and four atoms of oxygen, and 
IS therefore the compound known as calcium sulphate. 

(4) Calculation of Relative Weights from the Chem- 
ical Equation. Problem: Five per cent of a certain lime- 
stone is nonvolatile impurities and 95 per cent is pure 
calcium carbonate. What will be the weight of lime ob- 
tained from calcining 2000 lbs. of this stone? 

Weight of impurities = 5% of 2000 = 300 lbs. 

Weight of calcium carbonate = 1900 lbs. 

Reaction on calcining . . . CaCOa -f- heat = CaO -h COa 

Combining or atomic wts. 40. + 12 + (3 X 16) = 

(40.4-16) -f ri2-f (2X16)] 

Relative or molecular wts. 100 = 56. 4 44 

Since 100 lbs. CaCOs give 56 lbs. CaO 
1900 lbs. CaCOa give 1064 lbs. CaO 

1064 lbs. CaO -f 100 lbs. nonvolatile impurities = 

1164 lbs. of burned product. 

Problems Involving Volume Only 

Calculation of Relative Volumes of Gases — Avogadro’s 
hypothesis states that equal volumes of all gases at 
standard conditions of temperature and pressure, which 
are 32“ F (O® C) and 29.92 in. (760 mm) of mercury 
barometric pressure, contain the same number of mole- 
cules. The weights of these equal volumes arc propor- 
tional to the molecular weights of the gases. If the 
weights are expressed in gjrams, each gram-molecule of 
the gases involved represents 22.4 liters under standard 
conditions; if in pounds, each pound-molecule occupies 
359 cubic feet. Problems involving volumes of gases 
only are, therefore, very simple to solve, because the 
relative volumes are identical with the coefficients of 
the molecules, as will be evident from an inspection of 
the following examples. 

Ha 4- Ch = 2HC1 

1 vol. hydrogen 4- 1 vol. chlorine gives 2 volumes 
hydrochloric acid gas. 


CH4-f 20, = COa + 2HaO 

1 vol. methane -f 2 vol. oxygen gives 1 vol. carbon 
dioxide 4- 2 vol. water vapor. 

Problems Involving Both Weight and Volume 

Indirect Method — ^This method necessitates finding 
the relative weights of the gases involved from which 
the volumes may be calculated from the specific gravity, 
or the weight of a unit volume. 

Problem: How many cubic feet of carbon dioxide 
measured under standard conditions would be given off 
by 2000 lbs. pure calcium carbonate during the process 
of calcination? (Tlie weight of one cubic foot of carbon 
dioxide is 0.1225 pounds at standard conditions.) 

Reaction: CaCOs = CaO + COa 

40 + 12 + (3 X 16) 40 + 16 12 + (2 X 16) 

100 56 44 

Since 100 lbs. CaCOt give 44 lbs. COa 
2000 lbs. CaCO.-i give 880 lbs. COa 
800 0.1225 = 7180 cu. ft. 

Direct Method — The fact that molecular weights of 
gases occupy constant volumes at standard conditions 
affords a simple direct method for calculating volumes 
from the equation. 

Reaction: CaCOa = CaO + COa 

Since the molecular weight of CaCOa is 100, then one 
pound-molecule of CaCOa is equal to 100 pounds. From 
the equation it can be seen that one pound-molecule of 
CaCO# yields one pound-molecule of COs. Since one 
pound-molecule of any gas is equal to 359 cubic feet at 
standard conditions: 

100 lbs. CaCOa gives 359 cu. ft. of COa 
2000 lbs. CaCOa gives 7180 cu. ft. of COa 

Mol Fraction 

Problem: Find the mol fraction of the solute (sul- 
phuric acid) and solvent (water) in a solution contain- 
ing 10% by weight sulphuric acid in water. 

, Pounds 

-vxux» - Molecula^Wei^ht 

Take as the basic 100 pounds of solution. 


Chemical 

Formula 

Lbs. 

Mol. 

Wt. 

No. 

Mols 

Total 

No. 

Mols 

Mol 

Fraction 

ILSOx 

H.O 

10 

90 

100 

98 = 
18 = 

0.102 

5.000 

5.102 

5.102 
-5- 5.102 

= 0.02 
= 0.98 

1.00 


SECTION 11 

SOME ELEMENTS COMMON IN STEELMAKING 


Oxygen 

Atomic Number, 8. Atomic Weight, 16. Molecular 
Weight, 32. Valence, II. Specific Gravity: Hydrogen 
Standard, 15.896; Air Standard, 1,1053. Density at 60“ F 
and 30 in Hg.: 1.3553 g. per liter, 0.08461 lbs. per cu. ft. 

This element is most widely distributed in nature; 
49.85 per cent of the solid crust of the earth, 88.89 per 
cent of water, and 20.8 per cent of air is oxygen. In air 
it exists in a free state. In a combhied state, it exists in 
limestone, sand, marble, clay, quartz, iron ore, and many 


other substances. It is prepared by merely heating cer- 
tain of its compounds, some of which are mercuric ox- 
ide, potassium chlorate and manganese dioxide; by the 
decomposition of water by electrolysis; and from the 
air by purifying processes. Oxygen is a colorless, odor- 
less, tasteless gas, heavier than air and slightly soluble 
in water. At a low temperature it is converted into a 
liquid which boils at —297.4* F. The phenomenon of 
ordinary burning or combustion is due to the chemical 
combination of oxygen with other substances. It imites 
with many elements to form a class of compounds, the 
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oxides. It is necessary to life. Animals die in an atmos- 
phere of less than 16 per cent oxygen. Some important 
oxides are carbon dioxide (COa), carbon monoxide 
(CO), calcium oxide (CaO), magnesium oxide (MgO), 
ferric oxide (Fe^Oa), and ferrosoferric oxide (FeaO*). 
The last two are important as ores of iron. 

Hydrogen 

Atomic Number, 1. Atomic Weight, 1,008. Molecular 
Weight, 2.0156. Specific Gravity: Hydrogen Standard, 1; 
Air Standard, 0.06959. Density at 60® F and 30 in. Hg.: 

0. 08526 g. per liter, 0.005323 lbs. per cu. ft. 

Hydrogen docs not occur in nature in a free state, but 
combined with oxygen it forms water, of which it con- 
stitutes 11.11 per cent. In a combined state it occurs also 
in the bodies of plants and animals, hence, in the volatile 
matter of coal, in petroleum, and in natural gas, of 
which it constitutes almost 25 per cent. Water is always 
one of the products of combustion when a fuel contain- 
ing hydrogen is burned. It can be prepared by decom- 
posing water with sodium, potassium, hot iron, hot coke, 
or the electric current; by treating certain metals with 
certain acids; and by treating aluminum with sodium or 
potassium hydroxide. Hydrogen is a colorless, tasteless, 
odorless gas, almost insoluble in water. It can be con- 
verted into a liquid that boils at —422.9® F. It is the 
lightest substance known, being about Mfs as heavy as 
air and Mo as heavy as oxygen. It is combustible and 
explosive, and combines with oxygen in the weight pro- 
portion of 1:8 to form water. Its great tendency to 
combine with oxygen makes it a powerful reducing 
agent. 

Sulphur 

Atomic Number, 16. Atomic Weight, 32.066. Valences: II, 
IV, VI. Specific Gravity: monoclinic, 1.96; rhombic, 2.06. 

This element occurs free in the neighborhood of vol- 
canoes and in underground deposits, from which it may 
be prepared by purifying processes. In the combined 
state it is found as FeSa, FeCuSa, ZnS, and PbS, the last 
three being valuable ores of copper, zinc, and lead, re- 
spectively. It also occurs as the sulphates, CaSOi, BaSOi, 
and PbSOi, and in animal and vegetable matter. Com- 
pounds of sulphur occur in iron ores, in limestone, and 
in coal and sulphur from these sources combines with 
the iron in the blast furnace. If this sulphur is present in 
the iron in too large amounts, it is undesirable because 
of its possible injurious effects on steel and cast iron. 

Sulphur is a brittle, yellow crystalline solid which 
melts to form a straw-colored liquid. It is allotropic, 

1. e., can exist in monoclinic, rhombic and amorphous 
forms. When heated to a sufficiently high temperature, 
it combines with oxygen to form sulphur dioxide (SOs), 
with iron to form ferrous sulphide (FeS), and with most 
of the metals, forming sulphides. The sulphur in iron 
or steel is in the forms of FeS and MnS, distributed al- 
most uniformly throughout the metal while in the 
molten state. Upon solidifying, however, owing to the 
difference in density and fusion temperature between 
these compounds and the metal, they may, under nor- 
mal conditions, segregate to some extent, causing some 
parts of the solidified mass to show a higher content of 
this impurity than the average, or of the whole in the 
molten state. With hydrogen it forms hydrogen sulphide 
gas (HaS) — very important in chemistry. Sulphur is 
used in the manufacture of matches and black gun- 
powder, also for disinfecting purposes, and for vulcaniz- 
ing rubber. Its chief use, however, is in the manufacture 
of sulphuric acid (HaSO«), which is a very important 
material in modem civillaiiation. This acid is obtained 
by oxidizing sulphur dioxide (SOs), a gas given off in 
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the roasting of FeSs, ZnS, CuS, and from the burning of 
sulphur. 

Carbon 

Atomic Number, 6. Atomic Weight, 12.01. Valences: II, 
rV. Specific Gravity: amorphous, 1.8 — 2.1; graphite, 2.25; 
diamond, 3.51. 

This remarkable element occurs free in nature in 
crystalline forms as diamonds and graphite and in the 
amorphous form as coal. It is the chief constituent of 
the bodies of plants and animals, of all natural fuels, 
and of nearly all prepared fuels. It occurs in combined 
state in limestone, magnesite, marble and other carbo- 
nate rocks. Carbon is allotropic; diamond and graphite 
are familiar. The common amorphous forms are coal, 
lampblack, charcoal, coke, and bone black. Its density 
varies with its form. It is infusible, but sublimes at 
about 3500® C. 

Carbon forms many compounds with hydrogen, called 
hydrocarbons, such as methane (CH4), ethylene (C2H4), 
benzene (CnH») and acetylene (CaH.-), each of which is 
but the first member of a series of related compounds. 
With oxygen it forms carbon dioxide (COa), which is a 
product of combustion and of respiration. CO* is also 
given off when carbonates, such as limestone, are 
heated. The reaction is, CaCOa = CaO -f CO 2 . Carbon 
monoxide (CO) is formed in combustion when the sup- 
ply of oxygen is insufficient for the formation of CO*. 
Thus, in the blast furnace, a fixed amount of air is blown 
against an excess of hot carbon, which act results in 
this reaction: 2C -f O 2 = 2CO. Owing to its tendency to 
combine with oxygen, forming COa, CO is a good re- 
ducing agent. So, the CO formed in front of the tuyeres 
in the blast furnace reacts with the iron oxide thus: 

3CO -f FeaOs = 3COa + 2Fe. 

Carbon by itself acts as a reducing agent in the metal- 
lurgy of iron. 

3C “j- FcaOt — 2Fe -f- 3CO. 

Iron forms a carbide with carbon, the formula of 
which is FesC. Carbon is also found uncombined in pig 
iron in the form of tiny flakes of graphite; hence, the 
term graphitic carbon. Carbon has a marked effect upon 
iron. The varied properties of steel and the multiplicity 
of uses to which it can be applied are due largely to the 
influence of this element. Carbon in steel up to a certain 
limit is, therefore, not to be considered as an impurity 
but as an essential element. 

Silicon 

Atomic Number, 14. Atomic Weight, 28.09. Valence, IV. 
Specific Gravity, 2.42. 

Next to oxygen, silicon is the most abundant element 
in nature. It is the most important constituent of the 
mineral part of the earth. Sea sand, quartz, jasper, opal 
and infusorial earths are almost pure forms of silica 
(SiOa), the principal compovmd. As silicates, it occurs 
in clay, mica, talc, hornblende and feldspar. On account 
of its wide distribution, it forms the chief impurity of 
iron ore, as well as of nearly all natural mineral de- 
posits. With carbon it forms the carbide, SiC (carbo- 
rimdum). It also forms several acids, chief of which is 
orthosilicic acid, (HiSiO^), which loses water when 
heated and forms SiOs. 

H4Si04 = SiO. + 2H.O. 

Thus, in whatever form silicon may occur In an ore, 
it is looked upon as SiOa. This substance is the great 
acid of dry chemistry and at high temperatures will 
neutralize any base with which it comes in contact. In 
the blast furnace some of the silica (SiOa) contained in 
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the charge is reduced to silicon. The amount so reduced 
varies with tiie working conditions of the furnace, 
mainly the t( rnr>crHture. Once reduced, the silicon alloys 
with the irof! nud becomes a part of the metallic bath. 
Most of thus silicon is reoxidized and removed in the 
various proucsscs of making steel. However, silicon is 
benefi< ial to steel, so it is sometimes added in small 
amounts to control the oxygen content and in larger 
amounts to form important alloy steels. 

Nitrogen 

Atomic Number, 7. Atomic Weight, 14.008. Molecular 
Wright, 28.016. Valences: III, V. Specific Gravity: Air 
Standard, 0.9673. 

This element constitutes about 78 per cent of the 
Earth’s atmosphere. It occurs in niter beds as saltpeter 
(KNOa), and Chile saltpeter (NaNOt), also in organic 
compounds and in coal. It is an odorless, tasteless, color- 
less, relatively inert gas. With hydrogen it forms am- 
monia (NH») ; with oxygen, a series of oxides, NaO, NO, 
NaOa, NaO* and NaOa; and with hydrogen and oxygen, an 
important acid, nitric acid (HNOa). Its presence in the 
air as a diluent in so large amounts makes it an im- 
portant factor in furnace practices. At lower tempera- 
tures it can be made to combine with iron to form a 
nitride which imparls some hardness even at low con- 
centration. 

Phosphorus 

Atomic Number, 15.0. Atomic Weight, 30.975. Molecular 
Weight, 124.096. Valences: III, IV. Specific Gravity: 
white or yellow, 1.83; red, 2.05 to 2.34; black, 2.69. 

Phosphorus, always combined with other elements, 
occurs widely distributed in limited amounts, particu- 
larly in soils. It is found in practically all iron ores. It 
occurs in deposits as phosphorite and apatite, and it is 
an important constituent of bone. While phosphorus be- 
longs in the same group of elements as nitrogen, it does 
not resemble it very much from a physical standpoint. 
It is allotropic and exists in two forms, as a pale yellow 
solid that melts readily at the low temperature of 
111.4® F, and as a red form quite different in properties. 
While it is a much more active element, it closely re- 
sembles nitrogen chemically. It forms compounds with 
hydrogen and oxygon, such as PH. and PaO.. It gen- 
erally is found in nature as salts of orthophosphoric 
(HaPO*) and pyrophosphoric (ILPvOt) acids. With iron 
it forms a phosphide, FeJ*. It is completely reduced in 
the blast furnace, hence practically all the phosphorus 
occurring in the raw materials is found in the pig iron. 
In steel it is an imdesirablo impurity, except for special 
applications. It can be partially removed as part of the 
s^ag by oxidation followed by neutralization of the 
oxide with lime. 

Calcium and Magnesium 
Calcium Magnesium 

Atomic Number, 20 Atomic Number, 12 

Atomic Weight, 40.08 Atomic Weight, 24.32 

Valence, n Valence, 11 

Specific Gravity; 1.54 Specific Gravity: 1.74 

While these two elements belong to different groups, 
they are very similar so far as the manufacture of iron 
and steel is concerned. Witlx few exceptions one may be 
substituted for tlxe other without great inconvenience. 
Their oxides are the more impoilant bases of dry chem- 
istry. Both elements occur as insoluble carbonates; 
limestone, marble, chalk, and marl are forms of calciiun 
carbonate (CaCO.). Magnesite is magnesium carbonate 
(MgCO«). When heated, both of these compounds de- 


compose into their oxides and carbon dioxide, thus: 

CaCO.= CaO + CO.. 

MgCO. = MgO H- CO.. 

CaO represents quicklime, and MgO, magnesia. 

These elenxents also occur together as a double salt 
of carbonic acid, named calcium magnesium carbonate, 
CaMgfCO.)., commonly called dolomite, which gives 
calcium magnesium oxide, CaO* MgO, when calcined. 

CaMg(CO.). = CaOMgO -f- 2CO.. 

Both calcium and magnesium may be obtained elec- 
trolytically from their chloride. Magnesium is also ob- 
tained electrolytically from its oxide or by chemical 
reduction, involving a reducing agent (carbon in one 
process and ferrosilicon in another), followed by dis- 
tillation and recovery of the magnesium metal from the 
distillate. 

Lime (CaO), magnesia (MgO), and the double oxide, 
CaO MgO, are all very refractory, but on account of its 
tendency to slake in air, CaO is not used as such. Prac- 
tically, MgO is the best basic refractory known, and 
calcined dolomite is tlic best available substitute. The 
oxides are reduced with difficulty, and on account of 
their cheapness constitute the principal basic fluxes. As 
MgO is the leading basic refractory, CaO is the leading 
basic flux. It combines with both silica and phosphoric 
acid to form readily fusible slags, which have a lower 
density than iron and consequently float upon the sur- 
face of the metallic bath. 

Aluminum 

Atomic Number, 13. Atomic Weight, 26.98. Valence, III. 
Specific Gravity: 2.7. 

This element in combined form is very widely dis- 
tributed, occurring as one of the constituents of feld- 
spar, granite, mica, cryolite, and all clays. It is reduced 
from the oxide, AhOa, by an electrolytic process, in 
which a molten bath of cryolite acts as a solvent. It has 
a strong affinity for oxygen, violently reducing iron 
oxide, and on this account it is added to steel as a de- 
oxidizing agent. In its compounds aluminum displays 
decidedly basic properties, forming salts with all the 
common acids except carbonic acid. In wet reactions, 
it forms neither a carbonate nor a sulphide, but it 
readily combines with sulphur at high temperatures. 
Aluminum hydroxide, A1 (OHls, however, acts like both 
an acid and a base. When this compound is heated, it 
loses water and fonns alumina ( AbO«) , which is found 
in varying amounts in all the raw materials that enter 
into the metallurgy of iron. In tlie blast furnace alumina 
is never reduced. Its presence, however, has a marked 
influence on the slag, affecting its fluidity and fusion 
temperature, important considerations in blast furnace 
practice. In its purer states alumina is a good refractory, 
but the cost of production makes its extensive use as 
such prohibitive. An extended list of other metals are 
added to tlie metal aluminum to produce stronger 
alloys; e.g., Cu, Mg, Si, etc. 

Chromium 

Atomic Number, 24, Atomic Weight, 52.01. Valences: 11, 
III, VI. Specific Gravity: 6.9. 

This element is somewhat rare. In small deposits it is 
found as chromite, CraO#*FeO, the best neutral refrac- 
tory ^known, which, in its purer states, melts at about 
3450® F. Chromium is obtained by reduction of its oxides 
with aluminum or silicon. It is white, crystalline, very 
hard and does not tarnish. Chromium forms both acid 
and basic compounds. It is very important in the manu- 
facture of the stainless and other alloy or special steels. 
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Its chief physical effect is one of facilitating quench 
hardening, hence it is employed to increase the harden* 
ability of projectiles, armor plate, automotive steels, and 
tool steels. Chromium is added to alloy steel in the form 
of ferrochromium, an iron-chromium alloy produced 
from ores. 

Manganese 

Atomic Number, 25. Atomic Weight, 54.93. Valences: H. 
Ill, IV , VI, VII, Specific Gravity: 7.4. 

This element occurs in nature as MnO^, its deposits 
being somewhat limited in the United States. In very 
small amounts it is widely distributed, and is found in 
most of the raw materials used in the manufacture of 
pig iron. About 75 per cent of this manganese is reduced 
in the bl^t furnace, and becomes a constituent of all pig 
iron. It is readily oxidized in the purifying processes 
and, except for relatively low amounts, the manganese 
found in steel is added to it in the process of manufac- 
ture. Its effect in steel is beneficial because it offsets to 
some extent the harmful effects of oxygen and sulphur. 
Higher percentages, 10 per cent to 15 per cent, are em- 
ployed to produce the special steel known as Hadfield 
manganese steel. 


Iron 

Atomic Number, 26. Atomic Weight, 55.85. Valences: H, 
III. Specific Gravity: 7.864, 

This most important metal occurs combined with 
other elements. It is found in varying amounts in nearly 
all earAy matter, such as clays, soils, sands, etc. In de- 
posits, it is found as the sulphide (FeSa) , as silicates, as 
a constituent of chromite, as the carbonate (FeCO®) and 
as the oxides FeaO® and Fe804. The compound last named 
is magnetic. Pure iron is grayish-white in color and 
relatively soft when compared with steel of high carbon 
content. It is malleable, ductile, and magnetic. The melt- 
ing point of the pure metal is about 2800° F, but the 
usual commercial forms melt at lower temperatures. 
The presence of certain elements, notably carbon, sili- 
con, phosphorus, or sulphur, in the metal lowers the 
melting point n\arkedly. Iron forms two series of com- 
pounds, the ferrous and the ferric. The more impor- 
tant ferrous compounds are FeO, Fe(OH)«, FeCh, 
FeS04*7H»0; corresponding ferric compounds are Fe^Oi, 
FefOH)®, FeCli, FegfSOi)®. Most of these compounds are 
of the highest commercial importance, and many will 
receive a more thorough treatment later in this book. 



Chapter 2 (Continued) 

SOME FUNDAMENTAL PRINCIPLES OF 
CHEMISTRY AND PHYSICS 

PART 3 - FUNDAMENTALS OF PHYSICS 


SECTION 1 

INTRODUCTORY 


Physics is a science that deals with matter, energy, 
and radiation. Most of the discussion on the structure 
and properties of matter, usually included among the 
subjects that are reknted to Physics, already has been 
presented in Part 1 of this chapter, and need not be re- 
peated here. In the following summary of physical 


theories and facts, only those phases of physical knowl- 
edge which are essential to an understanding of the 
manufacture and use of steel are considered; subjects 
such as mechanics, sound, light and nuclear physics 
are not discussed since they are not directly involved 
in an understanding of later chapters of this book. 


SECTION 2 

ENERGY, FORCE, WORK AND POWER 


Nature of Energy— Physics and chemistry are con- 
cerned with more than matter. The human senses are 
aware of a second fundamental factor in nature, called 
energy, which is not a material thing and is difficult to 
define satisfactorily. Energy is that which gives a body 
the ability to move against a resistance, that is, to do 
work. 

Potential vs. Kinetic Energy— In general, there are 
two classes of energy; namely, kinetic energy and po- 
tential energy. Kinetic energy is the energy possessed 
by a body by virtue of its motion; for example, a mov- 
ing train, a rotating wheel, and a bullet in flight all have 
kinetic energy. Potential energy, sometimes called 
stored energy, is the energy possessed by a body be- 
cause of its position, or due to its chemical or physical 
state; for example a weight suspended in the air, an 
electric storage battery, a charged electric condenser, 
and a piece of coal aU possess potential energy. 

It is a matter of common observation that potential 
energy can be changed into kinetic energy, and vice 
versa; thus, a pendulum on the down -swing converts 
potential energy into kinetic energy, which is then re- 
converted into potential energy on the up-swing. Fur- 
tlxermore, it is true that the amount of potential energy 
expended is equal to the amount of kinetic energy gen- 
erated, except for a certain small amount which is lost 
due to friction in the air and at the supports. It is this 
loss which prevents the realization of “perpetual mo- 
tion.” 

Forms of Potential Energy— There are several forms 
of potential energy; namely, mechanical, electrical, 
thermal, and chemical. Furthermore, there are at least 
two kinds of stored mechanical energy, that is gravita- 
tional potential energy, or energy of position, and elastic 


potential energy, or energy of distortion; for example, a 
weight suspended in air possesses gravitational energy 
because it will do work when it falls, while a wound 
clock spring possesses elastic energy, since it can do 
work when it unwinds. Electrical energy may be stored 
in a condenser, thermal or heat energy in a radiator, 
and chemical energy is stored in a storage battery or in 
a piece of coal. 

Conversion of Energy— Casual observation reveals 
that one form of energy can be transformed to another 
form. An electrical power plant affords an illustration 
of a complicated transformation of energy. Part of the 
chemical energy in coal is converted into heat energy 
which in turn is converted into mechanical energy in 
steam; the energy of the steam is transferred to the 
moving machinery of a turbine and thence to a genera- 
tor which converts this mechanical energy into electri- 
cal energy. This electrical energy is transmitted over 
wires to some distant point where it is reconverted into 
heat, light, or mechanical energy. 

Conservation of Energy — Early experiments on the 
conversion of mechanical energy into other forms of 
energy led to the general conclusion that the original 
amount of energy can always be completely accounted 
for after such a change. In other words, energy can 
neither be created nor destroyed, it can only be trans- 
formed. This is known as the Law of Conservation of 
Energy. As pointed out previously, recent work in 
nuclear physics has demonstrated that matter can be 
converted into energy; that is, in a sense energy can 
be created; however, in all common chemical and phy- 
sical phenomena and processes, this exception need not 
be taken into consideration, since the principle still 
holds. 
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Force — It has already been stated, in connection with 
the force of attraction of gravity exerted by the earth on 
all objects, that force is perceptible and is associated with 
muscular effort in lifting or pushing an object. This sim- 
ple conception is quite satisfactory for engineering pur- 
poses with one reservation; namely, that force must be 
considered a vector quantity; that is, both its magnitude 
and its direction must be given in order to completely 
define it. It is clear that when a body is lifted vertically 
the force of gravity which must be overcome is acting 
in a direction opposite the motion of the body, so that 
the applied force required is equal to the weight of the 
body. However, in pushing the same body along the 
ground, the force required is not equal to the weight of 
the body, because the force of gravity acts vertically, 
whereas the applied force is directed horizontally; ac- 
tually, only enough force must be exerted in the direc- 
tion of motion of the body to overcome the friction be- 
tween the body and the ground. 

Work — The concept of work has developed naturally 
in connection with the lifting of a weight through a 
definite distance. Thus, if an object of a certain weight 
is lifted a certain distance, and then is lifted twice as 
high, it is intuitively felt that twice as much work has 
been done in the second case. Similarly, if the weight of 
the object is doubled, the work expended in lifting the 
object a certain distance is also doubled. In other words, 
the work done in moving a body is equal to the product 
of the applied force and the distance moved in the di- 
rection of the force. Expressed mathematically: 

W == wd 

where “w” is the weight of the body expressed in pounds 
or newtons, “d’' is the distance the body is moved in 
the direction of the force expressed in feet or meters, 
and “W” is the work which is measured in foot-pounds 
or newton -meters. One newton-meter is also called a 
joule. Sometimes another metric unit of force, the dyne 
(equal to 1/100,000 of a newton), is used; in this case, the 
unit of work is the dyne- centimeter, which is more 
commonly called the erg. One joule is equal to ten mil- 
lion ergs. It is apparent that energy and work are meas- 
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ured in the same imits, since expended energy is called 
work, or energy may be thought of as virtual work. 

Power — The time required to do a given amount of 
work is usually an important factor. For example, a 
person may not be able to carry a heavy object to the 
top of a steep hill in a few minutes, but this may be 
possible within a few hours; the difference is merely a 
matter of time. The rate of doing work, or of expending 
energy, is called power. In mathematical terms: 



where “E** is energy or work expressed in foot-pounds 
or joules, “t” is the time in seconds, and “P’* is the 
power measured in foot-pounds per second, or joules 
per second. One joule per second is also called a watt. 
Before the machine age, the basis for measurement of 
power was the rate at which an average horse could do 
work; this standard rate was termed a horsepower. 
Obviously, such a standard could not be made precise 
and was not practical to maintain, so eventually it was 
agreed that 

1 horsepower = 550 foot-pounds per second 

or 1 horsepower = 746 watts (or joules per second) 

Transmission of Energy— Another very important 
and useful characteristic of energy, aside from its ca- 
pacity for conversion from one form to another, is that 
it can be transmitted from place to place over rather 
long distances. Thus, electrical energy can be generated 
at a central station located near a coal supply or water- 
fall, and this energy can be conveniently transmitted to 
distant towns and farms, or steel mills or other indus- 
trial plants where it can be converted into useful me- 
chanical work. Other forms of energy also can be trans- 
mitted, although usually over shorter distances; for 
example, heat from a furnace can be transferred to 
radiators in the different rooms of a building through 
the medium of water, steam, or air, and mechanical 
energy can bo transmitted by means of wheels, axles, 
levers, and rods. 


SECTION 3 

HEAT 


Nature of Heat — It was originally believed that com- 
bustion was concerned with a mysterious stuff called 
phlogiston which was somehow released by all sub- 
stances when they burned, or that water over a fire be- 
came hot because a subtle weightless fluid called caloric 
was added to it. Thus, the early tendency was to con- 
sider heat as an intangible kind of matter, rather than a 
form of energy. Later experiments on the temperatures 
developed from the friction of moving mechanical parts 
showed that the temperature rise was proportional to 
the amount of mechanical work done; this led to the 
conclusion that mechanical energy could be converted 
into heat and that heat must be a form of energy. Fur- 
ther work demonstrated that heat itself is some sort of 
internal motion and that it is in fact the motion of the 
atoms and molecules which constitute matter. 

Temperature — The human body is aware of tempera- 
ture through the sensations of hot and cold; that is, tem- 
perature refers to hotness, and the term usually implies 
the quantitative measurement of hotness by some more 
accurate means than the human senses. The tempera- 
ture of a region of matter is a quantity that depends on 
the average kinetic energy of the atoms or molecules 


in that region. The atoms or molecules of any substance 
are in a rapid and continual motion, and all types of 
atoms and molecules at the same temperature have the 
same kinetic energy. When heat energy is added to a 
body in a fixed state, the average speed of its molecules 
is increased, and its temperature rises proportionally to 
the increase in average molecular kinetic energy. The 
temperature is truly zero only when all molecular mo- 
tion ceases, and this point is called absolute zero. 

The simplest temperature scale, and the most con- 
venient for scientific purposes, is one which has its zero- 
point based at absolute zero. Such a scale exists, and 
is known as the absolute or Kelvin scale; however, the 
temperature scales in everyday use are based arbitrarily 
on the freezing and boiling points of water; the tem- 
perature interval between these two fixed points being 
subdivided into .small increments called degrees. On the 
Centigrade scale, used in ordinary engineering and 
scientific work, the zero point is based at the freezing 
point of water and the boiling point of water is assigned 
the temperature of 100 degrees, so that there are one 
hundred equal subdivisions or degrees between these 
two points. The absolute or Kelvin scale tises the same 
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size divisions or degrees as the Centigrade scale, al- 
though its zero point is based at absolute zero, rather 
than at the frf'o/irjg point of water. In the Fahrenheit 
scale, which is in common use in all English-speaking 
counlric's, 32" F if. based at the freezing point of water 
and 212" F is based at the boiling point of water; thus, 
there are 180 equal subdivisions or degrees between 
these Iwo fixed points. The relationship between these 


three teJTii»crnture scales is shown 

Fi\ed Point Absolute 

below: 

Centi- 

grade 

Fahren- 

heit 

Absolute zero 0® 

1 

CO 

0 

-459® 

Freezing point of water. 273® 

0® 

32® 

Boiling point of water. . 373® 

100® 

212® 


The conversion of temperatures from the Centigrade to 
Fahrenheit scales, or vice versa, can be accomplished by 
substitution in the following expressions: 

F = (9/5 C) 4- 32 

C = 5/9 (F - 32) 

where “F*^ is the temperature in degrees on the Fahren- 
heit scale and “C’* is the temperature in degrees on the 
Centigrade scale. 

Thcrmoinetry and Pyrometry — In principle, any phys- 
ical phenomenon that varies systematically with tem- 
perature can be used to measure temperature. Most 
solids, liquids, and gases expand with increasing tem- 
perature, and the amount of expansion is commonly 
used as an indicator of temperature. Mercury and 
alcohol expand considerably with moderate increase in 
temperature, and hence are used in glass-enclosed 
thermometers for measuring ordinary temperatures. 
Mercury solidifies at — 382® F (— 39® C) and boils at 
675® F (357® C), whereas alcohol freezes at — 178.6® F 
(-117® C) and boils at 173.3® F (78.5® C), so that ther- 
mometers employing these substances can only be used 
within these ranges. Other properties of matter are used 
to measure temperature. Of course, all of these methods 
require calibration against fixed reference points in the 
temperature scale, such as the freezing and boiling 
points of water, or the melting points of pure metals. 

Two solids, such as copper and iron, having quite dif- 
ferent thermal expansion coefficients can serve as a 
thermometer if joined together in the form of a “bime- 
tallic strip.*' On heating, the copper expands more than 
the iron, and the strip bends one way; on cooling, the 
copper contracts more than the iron, and the strip bends 
the other way. The position of the end of the strip can be 
used to indicate the temperature. 

When two wires of dissimilar metals, such as copper 
and iron, are joined at one end, an electromotive force 
(e.mi.) is generated, which results in a difference in 
electrical potential (voltage) between the two free ends 
of the wires, if there is a difference in temperature be- 
tween the junction and the free ends, and this difference 
in voltage is proportional to the difference in tempera- 
ture; thus by using an instrument for measuring the 
voltage (voltmeter or galvanometer), the temperature 
can be determined. This device is called a thermocouple. 

The resistance of an electrical conductor, such as a 
metal wire, varies enough with temperature for the 
measurement of resistance to provide an excellent pre- 
cision method of determining temperature over a wide 
range. This principle is utilized in resistance thermom- 
eters. 

Still another type of thermometer employs optical 
principles for temperature measurement. The color of a 
hot, glowing body varies with the temperature. Com- 
parison of the color of this object with the color of a 


controlled hot filament of an electric light permits very 
high temperatures to be measured. Such a device is 
called an optical pyrometer. 

The intensity of the light given off by a hot, glowing 
body also changes with the temperature, and thus by 
measuring the light intensity, or comparing it to certain 
standard intensities, the temperature can be determined. 
This principle is utilized in radiation pyrometers. 

Measurement of Heat — In the conversion of mechan- 
ical energy to heat energy through friction, the tempera- 
ture rise in the heated object is nearly proportional to 
the amount of mechanical energy transformed; further- 
more, it is found that to raise the temperature of 10 
kilograms of water 1® C requires ten times as much heat 
energy as is needed to raise the temperature of 1 kilo- 
gram of water 1* C. Therefore, the change in heat 
energy of a body, that does not change state in this 
temperature range, is proportional both to the tempera- 
ture change and to the mass of the body. From this, it is 
clear that temperature and amount of heat energy are 
two entirely separate and distinct quantities, although 
they are related. 

Heat energy could be measured in units of foot- 
pounds or joules, but because the methods of heat 
measurement are not ordinarily related to mechanical 
effects, a special and more convenient unit of heat 
energy is used. In the metric system, changes in heat 
energy are expressed in kilocalories. A kilocalorie (1000 
calories) is the amount of heat energy that mtist be 
added to one kilogram of water to raise its temperature 
1® C. In the English system, the unit of thermal energy 
is the British Thermal Unit (abbreviated Btu), which 
is the amount of heat required to increase the tempera- 
ture of one pound of water 1® F. One Btu is equivalent 
to about 0.252 kilocalories. 

The heat required by various substances to raise their 
temperatures the same amount differs considerably. In 
order to express differences of this sort quantitatively, 
the concept of specific heat is used. In tlie metric system, 
specific heat is defined as the number of kilocalories per 
kilogram of a certain substance that is required to 
change the temperature of the substance by 1® C. This 
provides a simple way to express the change in heat 
energy of any substance when its temperature is 
changed: 

Change in heat energy = MS (T 2 — Ti) 

where “M” is the mass in kilograms, “S” is the specific 
heat of the substance in kilocalories per kilogram per 
degree Centigrade, and “T*** and “T/* are the final and 
initial temperatures, respectively, in degrees Centigrade. 

Heat vs. Changes in State of Matter — As previously 
mentioned, when a substance undergoes a change of 
state it also suffers a change in heat energy. Thus, when 
a solid substance melts, it absorbs a certain definite 
amount of heat energy (per unit mass of material) from 
its surroundings, and when it resolidifies, it releases this 
same quantity of heat; this is known as the heat of 
fusion of the substance. Similarly, when a liquid sub- 
stance boils or condenses, it absorbs or evolves a cer- 
tain definite quantity of heat, called the heat of vapor- 
ization of the substance. 

Another kind of change in state of matter, that in- 
volves a change in heat energy, is a change in the crystal 
structure of a solid substance. For example, solid iron 
undergoes a rearrangement of its atoms at about 1650® F 
(900® C), whereby its crystal structure changes from a 
body-centered (alpha) to a face-centered (gamma) 
cubic lattice of atoms; this change is accompazUed by a 
change in heat energy, amounting to about 4 calories 
per gram, which is called the heat of tnmsfoniiatioii. 
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Such changes in crystal structure are called polymor- 
phic or allotropic changes. As in the cases of melting 
and boiling, the temperatures at which these changes 
occur are affected by pressure, but at ordinary atmos- 
pheric pressure they are constant and characteristic of 
the substance and the particular transformation. 

Conversion of Heat into Mechanical and Electrical 
Energy — The conversion of mechanical energy into heat 
energy has already been discussed and it has been 
pointed out that the ratio of the amount of heat gen- 
erated to the mechanical energy expended is a constant 
called the mechanical equivalent of heat. In the metric 
system, 1 calorie = 4.186 joules, and in the English sys- 
tem 1 Btu =: 778 foot-pounds. Industrially, the change 
of mechanical energy to heat energy is not nearly as 
important as the reverse change of heat energy to me- 
chanical energy, for the burning of coal or oil to produce 
heat and, in turn, mechanical energy in steam turbines 
and internal combustion engines, has been the world’s 
greatest source of useful work. Heat can also be con- 
verted directly into electrical energy, as in thermo- 
couples, or electrical energy can be converted directly 
into heat energy, as for example, in electric heaters and 
resistance furnaces, wherein a heavy electric current is 
passed through a poor electrical conductor. The elec- 
trical equivalent of heat is given by the expression: 

Change in heat energy = 0.24 ITlt 

where “I” is the electrical current measured in amperes, 
“R” is the resistance measured in ohms, and “t” is the 
time in seconds. The ampere and ohm are defined in 
Section 7 of this part of Chapter 2. 

Effects of Temperature on Physical Properties — ^Heat 
is capable of producing marked changes in the physical 
properties of matter. Adding heat to a gas or liquid in- 
creases its molecular energy, and thus increases its 
pressure or volume. Solids expand when heated and the 
amount of expansion (thermal coefficient of expansion) 
differs for every substance and, frequently, it is different 
for the same substance at different temperatures. 
Changes in heat energy, and thus in the temperature or 
state of a substance, are usually accompanied by 
changes in its mechanical properties (modulxis of 
elasticity, ductility, hardness, and tensile strength), in 
its electrical properties (conductivity), and in its mag- 
netic properties (permeability). 

Heat Flow— Heat energy may be transferred from 
place to place by three different mechanisms — conduc- 
tion, convection, and radiation, 

a. Conduction — When heat flows through a body by 
the transference of the kinetic energy of individual 
atoms or molecules without mixing, it is said to flow by 
conduction. When one end of a bar is heated, the atoms 
or molecules are given greater vibratory motion, that is, 
greater kinetic energy; in some way, probably by col- 
lisions, these atoms or molecules share this increased 
energy with their neighbors, which in turn pass this 
energy along to those beyond, and so on. Thus, the 
energy of agitation (heat) is propagated along the bar. 

The measurement of heat flow by conduction is most 
easily understood in connection with solids, since in this 
case, convection is not present, as it is in liquids and 
gases, to complicate the situation. The basic law of heat 
transfer can be written in the form of a rate equation: 

. Driving Force 
Resistance 

in which the driving force is the temperature difference 
across a solid body, since it is apparent that heat can 
flow only when there is an inequality of temperature. 
This law, known as Fourier’s Law, states that the rate of 


heat flow through a body is proportional to the tempera- 
ture drop, to the area, and inversely proportional to the 
thickness of the body. The mathematic^ expression of 
Fourier’s Law is: 

Q kA (T.- TO 

t ' ' L' 

where “Q” is the amount of heat energy transferred in 
time “t,” “A” is the area of the body perpendicular to 
the direction of heat flow, and “ (Ti — TO ” is the tem- 
perature difference between opposite sides or ends of the 
body, “L” is the thickness of the body in the direction of 
heat flow, and “k” is a constant which is defined by this 
equation and is called the thermal conductivity of the 
particular substance constituting the body. If “Q” is 
measured in Btu, *‘t” in hours, “A” in square feet, “T 2 ’' 
and “Ti” in degrees Fahrenheit, and “L” in feet, then k 
is expressed as Btu per hour per square foot per degree 
Fahrenheit per foot. 

When each of the terms in the equation defining ‘*k” 
is equal to one, “k” is termed the coefficient of thermal 
conductivity. The numerical value of the coefficient of 
thermal conductivity depends upon the substance of 
which the body is made and upon its average tempera- 
ture. The thermal conductivities of liquids and gases are 
very small in comparison with those of most solids. For 
example, at 212® F the thermal conductivity of silver is 
240 Btu per hour per square foot per degree Fahrenheit 
per foot, that of building brick is about 0.8, that of water 
about 0.35, and of air 0.017. In general, the variation of 
conductivity with temperature is linear, that is, 

K = a -f bT 

where “a” and “b” are constants and “T” is the tem- 
perature. 

It is of interest to note that thermal conductivity and 
electrical conductivity are closely related. In general, 
the best electric conductors have the highest thermal 
conductivity. The relationship between thermal and 
electrical conductivities is given by the Wiedemann- 
Franz Law: 
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where “K” is the thermal conductivity, “<r” is the elec- 
trical conductivity, “T” is the absolute temperature, and 
“a” is a proportionality constant. This law holds fairly 
well for most metals within restricted temperature 
ranges. 

b. Convection — When heat flows by actual mixing or 
physical turbulence, the mechanism is known as con- 
vection. Convection is restricted to heat flow in liquids 
and gases. It is practically impossible for heat to flow 
through fluids by pure conduction without some con- 
vection, because of the eddies set up by the changes of 
density in the fluid with temperature. For this reason, 
the terms conduction and convection are frequently 
used together, although in many instances, the pre- 
dominant mechanism is convection; for example, the 
heating of a room by a steam radiator is largely a matter 
of convection. The heating of a room by a hot-air fur- 
nace is an example of almost pure convection. 

In the transfer of heat from a solid body to a liquid, 
a thin, comparatively stagnant film of liquid exists at 
the surface of the solid, which is of great importance in 
determining the rate of heat transfer. Heat is trans- 
ferred through this thin, stationary, fluid film more by 
conduction than by convection, and since the thermal 
conductivities of fluids are very small, the rate of heat 
transfer is very slow. In many processes, such as the 
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quenching of steel, the heat transfer through the surface 
film of liquid on the steel is the limiting factor which 
controls the rate of cooling of the steel. In general, the 
greater the turbulence in the liquid and the lower its 
viscosity, the thinner the stagnant film and the higher 
the rate of heat transfer. 

c. KadiaCioii— The transfer of energy through space 
by means of electromagnetic waves is termed radiation. 
If radiation travels through empty space, it is not trans- 
fonnod to heat or any other form of energy, nor is it 
diverted from its path. If, however, matter appears in its 
path, the radiation will be absorbcnl or reflected. It is 
only the absorbed energy that appears as heat, and this 
transformation is quantitative. Thus, a polished opaque 
surface or mirror will reflect most of the radiation strik- 
ing it, whereas a black or matte surface will absorb most 
of tlie radiation received by it and will transform such 
absorbed energy quantitatively into heat. 

In practice, radiation is an important method of trans- 
ferring heat, which is especially true in the making and 
treating of steel where furnace temperatures are rela- 
tively high. The fundamental law covering heat transfer 
by radiation, known as Stefan’s Law, states that the total 
energy which is radiated by a body per second is pro- 
portional to its surface area and to the fourth power of 
its absolute temperature. In mathematical terms, 

E = cAT* 

where “A” is the area of the radiating surface in square 
feet, “T” is the temperature of the body in degrees ab- 
solute, is a constant equal to 1.72 X 10"", and *‘E” is 
the total energy given off per second in Btu. 


Actually all bodies at temperatures above absolute 
zero radiate energy according to Stefan’s Law. Thus, in 
the case of a small body of temperature “To” and area 
“A” completely surrounded by a hotter body of tem- 
perature “T,” the net amount of heat transferred per 
second from the hotter body to the colder body is the 
algebraic sum of the radiation from the two bodies; thus, 
Stefan's Law may be written: 

e =r cA (T - ToO 

where “e” is the net amotmt of heat transferred from the 
hotter body to the colder per second, “T” is the absolute 
temperature of the hotter body, and “To” is the absolute 
temperature of the colder body. This assumes, however, 
that all of the heat radiated by either body falls on the 
other body and is absorbed by it. In practice, most ob- 
jects do not fulfill this last assumption. Instead of ab- 
sorbing all of the radiant energy that falls on them, they 
absorb only a part of it and reflect the rest. Only an ideal 
black body absorbs all, and reflects none of the radiant 
energy falling on it. Most objects with a matte black 
surface approach the theoretical black body closely 
enough for practical purposes; polished metal bodies 
and white bodies, on the other hand, deviate widely 
from the ideal black body. It is true, however, that in- 
side a closed space, where the temperature is uniform 
throughout, all objects, no matter what their substance, 
color, or surface condition, behave as black bodies. This 
greatly simplifies radiation calculations and measure- 
ments in many important cases; thus the interior of a 
furnace may be considered to be uniform to the extent 
that all objects in it may be assumed to be black. 


SECTION 4 

MAGNETISM AND MAGNETIC FIELDS 


Natural Magnets — Certain rocks have long been 
known to possess the ability to attract iron and are 
called natural magnets. These rocks are now recognized 
as magnetite (Fe^Oi), an iron ore. The term magnetism 
refers to this ability to exert forces on a piece of iron 
from a distance. When elongated pieces of such rocks are 
freely suspended from threads, or floated by some suit- 
able means on water, they orient themselves with their 
longest axis in a north-south direction; in this form, 
they represent the earliest crude form of compass, which 
led to their being called lodestones or “leading stones.” 
The north-seeking end or pole of the piece is called the 
north pole of the magnet and the south-seeking end 
is called the south pole. The attractive force of any 
magnet is greatest at its ends, or poles. 

Artificial Magnets — Lodestones today are merely 
scientific curiosities, since it is possible to make arti- 
ficial magnets that are far stronger than natural ones, 
and in shapes most convenient for their intended use. 
Familiar forms are the bar magnet and the horseshoe 
magjnet. One method for making an artificial magnet is 
to stroke, witli anothT?ir magnet, the material to be mag- 
netized. In another method, the material to be mag- 
net ized is placed inside a coil of wire carrying a current 
of electricity. The most modem method consists of sus- 
pending the piece to be magnetized on a conductor 
carrying a heavy electric current. The last two methods 
are possible because, as will be learned later, there are 
magnetic effects caused by electric currents. 

If the material being magnetized is relatively soft 
(pure) iron, only a light electric current is necessary to 
magnetize the piece, but the result is only temporary. If 


hardened steel is used for the magnet, it requires a 
heavier electric current and a longer time to produce a 
magnet, but once magnetized the steel will retain its 
magnetic properties for a long time. Magnets made from 
materials which lose their magnetism readily are called 
temporary magnets while magnets made from steel and 
other materials that retain their magnetism are called 
permanent magnets. Permanent magnets are commonly 
made from steel. Tungsten steel and alloys containing 
cobalt are used extensively. An alloy of aluminum, 
nickel and cobalt also is used where very strong mag- 
nets arc to be made. 

Magnetic Fields — Two magnet poles in the same 
vicinity exert forces on each other. They repel each 
other if they are like poles (both north poles or both 
south poles), attract if they are unlike. In the region 
about each of the poles a magnetic field of force exists; 
that is, any magnetic pole there would experience a 
force proportional to the field strength. The variation in 
the direction and strength of the magnetic field about a 
bar magnet can be dernonstrated by placing a sheet of 
paper over a magnet and .sprinkling iron filings over it. 
The iron filings will assume a pattern similar to that 
shown in Figure 2 — 11, the number and direction of the 
lines depending on the strength of the magnet. The 
chains of fihngs show the direction of the lines of force 
in the magnetic field. What apparently is empty space, 
definitely contains energy, for the particles of iron mak- 
mg up the filings experience forces which move them 
into the indicated pattern. It should be remembered that 
this same field completely surrounds the magnet, and 
that the pattern shown by the filings in this experiment 
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north pole and its opposite end will become a south pole. 
This can be demonstrated by the action of the end of the 
soft iron piece farthest from the bar magnet upon a 
magnetic needle or compass (Figure 2 — 12). In neither 
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Fig. 2—11. Pattern assumed by iron filings scat- 
tered on a sheet of paper or glass placed over 
a bar magnet. 


Fig. 2—12. Ma^etism imparted to pieces of soft iron (a) 
by contact with magnets and (b) by bringing a piece of 
soft iron into a magnetic field. 


represents only a cross section of the magnetic field. The 
lines of force are assumed to emanate from the north 
pole of the magnet and to reenter it at the south pole. 

Earth’s Magnetic Field — The earth itself is a huge 
natural magnet, having magnetic poles like any other 
magnet, and possessing a magnetic field. A lodestone, 
or a magnetized needle (compass) always aligns itself 
in a north-south direction because it is acted upon by 
the earth's magnetic field of force. Tlie lodestone or 
needle aligns itself with the lines of force of that field. 
It is interesting to note that the magnetic pole of the 
earth which attracts the north (or north-seeking) pole 
of a magnet is actually a magnetic south pole, and vice 
versa. It also may be noted that the magnetic poles of 
the eaith do not coincide with the geographic poles, 
and that tlie earth’s magnetic field is neither uniform 
nor constant. 

Magnetic Field Strength — Magnetic field strength or 
magnetizing force is measured in terms of force acting 
on a unit magnetic pole. A unit pole is defined in such a 
way that two unit poies placed one centimeter apart in 
air repel each other with a force of one dyne. A dyne 
is defined as that force which will give a mass of one 
gram an acceleration of one centimeter per second per 
second. The unit of field strength, the gaus.s, is a force 
of one dyne exerted by the field on a unit magnetic 
pole. The field strength is also commonly expressed in 
terms of the number of lines of force intersecting a unit 
area perriendicular to the direction of the field; the lines 
of force are numerically equal to the field strength in 
gausses. Magnetic flux refers to the total number of 
lines of force passing through a section of a magnetic 
field, and it is equal to the product of the area and the 
field strength. The unit of magnetic flux, the maxwell, 
is the flux through an area of one square centimeter 
perpendicular to a field having a strength of one gauss. 

Magnetic Induction — Materials capable of being at- 
tracted by a magnet or of acquiring magnetism from a 
magnet are called magnetic materials. Magnetism may 
be imparted to magnetic materials by bringing them 
into direct contact with a magnet or by bringing them 
into a magnetic field. The degree of magnetism induced 
will depend upon the strength of the magnetic field. For 
example, a small piece of soft iron in contact with one 
of the poles of a bar magnet, so long as it is in contact, 
will itself act as a magnet and attract other pieces of 
iron. Similarly, a piece of soft iron bar adjacent to, but 
not in contact with, one of the poles of a bar magnet 
will be magnetized. In this latter case, if one end of the 
soft iron bar is adjacent to the south pole of the bar 
magnet, that end of the soft iron piece will become a 


of the above cases is the soft iron itself a magnet except 
when in contact with, or influenced by, the magnetic 
field of the bar magnet. The kind of magnetism ex- 
hibited by the soft iron is said to be induced and the ac- 
tion is called magnetic induction. The magnetism in- 
duced in soft iron is temporary, but permanent mag- 
netism may be induced in hardened steel if the bar 
magnet used is strong enough, depending upon the de- 
gree of hardness of the steel. 

Among the commoner magnetic materials are soft 
(pure) iron as referred to above, nickel, cobalt, manga- 
nese and chromium. Pure iron, however, possesses the 
best magnetic properties. Magnetic materials offer very 
little resistance to the passage of lines of force. A mag- 
netic field will pass through a nearby piece of iron 
rather than take a shorter route through the air because 
of the lower magnetic resistance of iron as compared to 
air (Figure 2 — 13). Non-magnetic materials, e.g., cop- 



per and aluminum are not attracted to magnets nor will 
they attract a magnet. Some alloy steels are non- 
magnetic, and some elements lose their magnetic prop- 
erties when heated. 

Permeability — Any substance capable of acquiring 
magnetic properties when under the influence of a mag- 
netic field is said to be permeable. Permeability is meas- 
ured by the number of lines of force which can be con- 
centrated within a unit area of tlie material. All ma- 
terials have a saturation point beyond which it is im- 
possible to concentrate any more lines of force within a 
unit area. Soft iron is an example of a highly permeable, 
material. 

Retentivity— The degree to which the material resists 
becoming magnetized or losing its magnetism is the re- 
tentivity of the material. Soft iron is highly permeable. 
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but it loses its magnetism almost immediately after 
being removed from the magnetic field, and thus has a 
low degree of retcntivity. Hard steel, however, can be 
made into a permanent magnet by being acted upon by 
a magiietjc* field and thus has a high degree of retentiv- 
ity. 

Reliictanre -The opposition to passage of magnetic 
line^ of force characteristic of a given material is termed 
its rehirtauce. The reluctance of a magnetic circuit is 
diivct].y proportional to the length of the circuit, and in- 
vorst ly proportional to its section. Ordinarily, magnetic 
materials exhibit less reluctance than non-magnetic 
materials. Also, non-magnetic materials have practically 
(he same reluctance at all flux densities, while the re- 
luctance increases with the flux density (number of 
lines of magnetic force) for magnetic materials. 

Theory of Magnetism — Actually, all materials are 
magnetic, although most of them arc only about one- 
iTiillionth as magnetic as iron. The ultimate source of 
magnetism is not well established, but evidence points 
to the molecules and atoms constituting matter. Accord- 
ing to an older theory, the atoms are considered to be 
tiny magnets themselves, some much stronger than 
others. In ordinary materials, the atomic magnets are 


oriented at random, and their effects normally cancel 
each other. In the case of iron, each atomic magnet, 
when placed in a magnetic field, tries to line up with 
the field; if more of these atomic magnets line up in one 
direction than in any other, their effects are additive, so 
that the whole piece becomes a powerful magnet. How- 
ever, if this iron magnet is heated to a dull red color, 
the alignment of the atomic magnets is so disturbed by 
thermal vibration that the piece of iron loses its mag' 
netism. At present, this older belief has been modified to 
regard discrete portions of a body undergoing mag- 
netization as becoming successively magnetized. These 
portions involve groups of atoms instead of single atoms, 
and are referred to as domains. The effect of tempera- 
ture in destroying natural magnetism in a body is con- 
ceived to be the result of the sudden breaking-up of the 
arrangement of atoms forming domains when some 
definite temperature (the Curie point) is reached. 

According to either theory, every magnetic substance 
has a saturation point beyond which the magnetic flux 
density cannot be increased because, once all the ele- 
mentary atomic magnets in a substance are lined up, or 
all possible domains are established, not much further 
increase in magnetism can be obtained. 


SECTION 5 

ELECTROSTATICS 


Nature of Electrostatic Charges — According to the 
concept of the structure of matter outlined in Part 1 of 
this chapter, the nucleus of any atom is composed of 
protons and neutrons and carries a positive charge that 
is exactly balanced by the sum of the unit negative 
charges of the electrons in the electronic system sur- 
rounding the nucleus. All matter, therefore, normally 
is uncharged or neutral. However, if certain substances 
are rubbed together, some of the electrons can be 
“scraped off’^ the surface of the one and added to the 
surface of the other. Thus, if a glass rod is rubbed with 
silk, electrons are transferred from the surface of the 
glass to that of the silk. The silk, with an excess of elec- 
trons, then carries a negative charge, and the glass 
which is left with less than its normal quota of electrons 
acquires a positive charge. In a similar manner, if a 
hard-rubber rod is rubbed with fur, the rod acquires a 
negative charge while the fur becomes positively 
charged. These charges, designated as electrostatic 
charges, constitute what is known as static electricity, so 
called because the charges are at rest. Charged bodies 
are said to be electrified. Bodies having a positive 
charge, due to a deficiency of electrons, are said to be at 
a higher potential than those carrying a negative charge 
resulting from an excess of electron.*?. 
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Fig. 14. Distribution of 
charge of conductors. 


An electrostatic charge is distributed over the sur- 
face of an electrified body. The density of the charge at 
any part of the surface depends upon the shape of the 
body. For example, a charge on an electrified sphere is 
distributed uniformly over the surface of the sphere. In 
the case of an egg-shaped body, the greater part of the 
charge is concentrated at the sharper end of the egg; on 
a uniform rod, there is a concentration of charge at each 
end. (Figure 2 — 14). 

Electrostatic charges can be transferred from one 
body to another by contact. A pith ball, if touched by a 
positively charged glass rod, will have some of the posi- 
tive charge imparted to it. If a second pith ball, posi- 
tively charged in the same manner, is brought near the 
first positively charged ball, the two will mutually repel 
each other. If both balls are charged negatively by con- 
tact with a negatively-charged rubber rod, they again 
will repel each other. However, if one ball is given a 
positive charge and the other is given a negative charge, 
the two balls will mutually attract each other. Thus, like 
electrostatic charges repel and unlike charges attract 
each other. The electrical force of attraction or repulsion 
acting between two charged bodies is directly propor- 
tional to the product of the charges on the two bodies 
and inversely proportional to the square of the distance 
between them. 

Induced Electrostatic Charges — ^It Is possible for an 
electrically charged body to induce another electric 
charge in nearby bodies; that is, an apparently neutral 
body can be charged by bringing a charged body near 
to it, but not in contact with it. The induced charge is 
explained as the effect of attraction at a distance be- 
tween, say, a positive charge, and the electrons in the 
initially imcharged body. The electrons are displaced 
slightly toward the inducing positive charge, making a 
negative charge at that end of the originally neutral 
body and leaving an equal positive charge at the op- 
posite end; when the body inducing the charge is re- 
moved, the second body returns to its formerly neutral 
condition. This t 3 fpe of induced charge is caller a tempo- 
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rnry induced electrostatic charge. As shown in Figure 
2—15, if a positively charged rod is brought near an 
insulated metal sphere, a negative charge will be in- 
duced on the side of the sphere adjacent to the rod, 
and a positive charge will be induced on the opposite 
side- If the sphere is “grounded” by touching it on the 
positively charged side, electrons will flow from the 
finger to balance the positive charge while the positively 
charged rod holds the negative charge (electrons) 
bound on the opposite side. If first the finger, and then 
the rod, is removed, the sphere will be left with an 
excess of electrons, or a negative charge. This consti- 
tutes a permanent induced electrostatic charge. 

Electric Discharge— If two bodies are in proximity to 
each other and one is electrified with a positive charge 
so as to be at a considerably higher potential than the 
other, it will, as described above, induce an opposite 
charge on the other body. It is possible to continue to 
increase the potential to a point where electrons will 
rush from the negatively-charged body across the inter- 
vening distance to the positively -charged body to bal- 
ance the positive charge, thus causing a spark. The 
nature of the substance separating the two bodies de- 
termines how high a potential difference is necessary 
before transference of electrons can occur. Lightning 
results from a sudden discharge of a heavy charge of 
static electricity when, for example, a negatively 
charged cloud passes over the earth, inducing an op- 


posite charge on objects below, such as trees and build- 
ings. When these charges build up to a potential large 
enough to overcome the insulating resistance of the air, 
the air becomes a conductor and the excess electrons on 
the cloud rush to neutralize the positive charge below, 
the discharge spark being the familiar lightning flash. 
If the cloud is positively charged the flash will be up- 
ward, or if the induced charge is on another cloud tlie 
flash will occur between the clouds. 

Static Electricity and Electricity in Motion — The elec- 
tric current consists of electric charges in motion, as 
opposed to static electricity which consists of electric 
charges at rest. Some materials readily permit passage 
of the electric current and arc known as conductors. 
Most metals are good conductors of electricity because 
of the “unbound” or “free” electrons characteristic of 
the outer shells of electrons of metallic atoms. Any 
electric potential will easily set in motion these elec- 
trons and a current will flow. 

In other materials, the outer shells of electrons are 
bound more closely to the atom, and only very high 
potentials can cause transference of electrons from atom 
to atom to cause a flow of current. These latter materials 
are called insulators. Actually there is no sharp dis- 
tinction between insulators and conductors, as materials 
merely differ enormously in conductivity. 

When electric charges ai*e added to or taken from 
insulators, or when electric charges move through con- 
ductors, experiment shows that it is generally the nega- 
tive electrons that actually move. As soon as any move- 
ment of charges occurs, static electricity is immediately 
transformed into an electric current (electricity in mo- 
tion) . 

It has been convenliunally assumed that electric cur- 
rent flows from points of higher potential (-[-) to ones 
of lower potential (—). From the foregoing discussion, 
it is seen that electrical manifestations are due actually 
to flow of electrons from one point to another. The di- 
rection of flow of electrons, it is obvious, is opposite to 
the direction in which current has always been assumed 
to flow. It is necessary in discussing the flow of electric 
current to realize that although the current is assumed 
to flow from positive ( > ( ) to negative ( — ) it is the flow 
or drift of electrons from minus (— ) to plus (-f ) that 
permits electrical forces to do useful work. 


SECTION 6 

CHEMICAL GENERATION OF ELECTRIC CURRENT 


Since, in order to produce an electric current or flow 
of electricity, it is necessary to make electric charges 
move, a force called an electromotive force must be 
exerted on them. In electricity, this force is supplied 
by a difference in potential, or voltage; thus, there is a 
difference of potential between the two ends of a wire 
when there are forces present to make the charges in a 
wire flow as an electric current. 

The simplest method of producing a difference in po- 
tential, and thus generating an electric current, is to use 
an electric cell or storage battery which converts chem- 
ical energy into electrical energy. Such a cell may con- 
sist of two dissimilar metals, such as zinc and copper, in 
the form of rods called electrodes, immersed in a bath 
of dilute sulphuric acid, which is called the electrolyte. 
The action of such a cell is as follows: zinc tends to go 
into solution as positively charged zinc atoms, or ions. 
Each positive zinc ion that goes into solution leaves a 


corresponding excess negative charge on the zinc elec- 
trode. At the copper electrode, positive hydrogen ions 
from tlie dilute sulphuric acid (HaSO*) take electrons 
from the copper to form neutral hydrogen atoms. This 
leaves the copper electrode with a deficiency of elec- 
trons, that is, an excess positive charge. In this way, a 
potential difference is established between the two elec- 
trodes. However, there will be no flow of electric cur- 
rent until an external conducting wire is connected be- 
tween the two electrodes; then, negative electrons flow 
through this conductor to the positive electrode or point 
of higher potential. Since the current generated by a 
battery always flows in only one direction (conven- 
tionally considered to be from the positive to the nega- 
tive electrode), it is called direct current. Direct cur- 
rent can also be produced mechanically, as will be 
described later. As mentioned earlier, flow of electric 
current is conceived to take place from a point of higher 
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potential (-f) to a point of lower potential (— ). The 
conventional direction of current flow, therefore, is op- 
posite to the direction of actual flow of electrons. 

Only relntiv^ely small amounts of electricity can be 


generated chemically, so devices called generators for 
producing electrical energy from mechanical energy 
have been developed; these are discussed in Section 
12 under “Mechanical Generation of Electric Current.” 


SECTION 7 

POTENTIAL, CURRENT, RESISTANCE 


rotential — In order to move a charged particle (e.g., 
an electron) against an electrical force, work must be 
done on it. Consequently, potential energy must be 
added to it. If the particle is made to move from one 
point to another, the amount of potential energy (num- 
ber of joules) added to the particle, per coulomb of 
charge on it, is called the potential difference between 
the two points. The common unit of potential difference 
is the volt. The volt is practically defined as that po- 
tential difference which will cause a current of one 
ampere to flow through a resistance of one olim. The 
ampere and ohm are defined below. When an electrical 
force exists which is capable of moving a free positive 
charge from one point to another, the first point is said 
to be at a higher potential than the other, or it is said 
to be positive with respect to the other that is referred 
to as negative. 

Current — When two ends of a wire conductor are con- 
nected to two points at different potentials, such as the 
terminals of a battery, an electric current flows in the 
wire. The mechanism of this current flow is roughly as 
follows. Initially, the conductor has equal numbers of 
positive and negative charges in its atoms. The atoms 
are packed together so closely that their electronic sys- 
tems overlap to some extent, and it is comparatively 
easy for the outer electrons (referred to as “free” or 
“unbound” electrons) to pass from one atom to another 
when a small force is applied to them. The battery sets 
up a difference of potential between the ends of the wire 
and thus provides a force that causes the negative elec- 
trons in the wire to migrate from atom to atom toward 
the point of higher potential. This electron flow toward 
the positive terminal provides the actual means whereby 
electrical forces can be made to do useful work. It has 
been mentioned earlier that current flow has always 
been assumed as being from the point of higher po- 
tential (-f ) to the point of lower potential (—) or op- 
posite to the electron flow. Materials differ considerably 
in the ease with which electrons can be made to migrate 
from atom to atom, or in other words, they differ con- 
siderably in electrical conductivity. 

The magnitude of the current depends simply on the 
rate of flow of electrons through the conductor; that is, 
if each electron carries an electric charge, “e,” the elec- 
tric current, or rate of flow of electric charge, is deter- 
mined by the net number of electrons per second carried 
through a section of the wire. If “n” electrons move 
through the wire each second, the charge moved per 
second will be “ne.” The unit of current, the ampere, is 
legally defined as that unvarying current which when 
passed through a solution of silver nitrate (AgNO») in 
water in accordance with standard specifications will 
deposit silver at the rate of 0.001118 grams per second. It 
follows that, if the current is steady, the total charge 
passing through the section in a given time is merely the 
product of the current and the time. A coulomb is the 
quantity of electricity transferred when a current of 
one ampere flows for one second. 

It is important to realize that steady electric currents 
ordinarily exist only in complete circuits, for such cur- 


rents are simply the continuous circulation of electric 
charges; that is, the source of voltage circulates electric 
charges around through conductors like a pump circu- 
lates water. Furthermore, a steady electric current, like 
flow of water in a pipe, has the same value at all loca- 
tions in a simple, unbranched circuit. 

Resistance — The electric current in a conductor would 
be limited only by the number of available electrons, 
which is practically infinite, if it were not for the effect 
of electric resistance. This effect comes into play be- 
cause the moving electrons do not pass freely and un- 
hindered through the conductor, but collide with the 
atoms of the conductor and bounce off or trade places 
with electrons in the atoms. The resulting increase in 
the agitation of the atoms means an increase in heat 
energy. The greater the electric current, the greater the 
number of collisions, and the more electric energy is 
clianged to heat energy. The electric current cannot 
exceed the value at which all electric energy becomes 
heat energy. 

If the resistance of a conductor is increased, say by 
changing the material, the potential difference between 
the ends of the conductor needed to produce a given 
current will increase. The relationship between po- 
tential difference, current, and resistance is given by 
Ohm’s Law, described in Section 8 immediately follow- 
ing. The unit of resistance is the ohm, which is the 
resistance of a column of mercury 106.3 centimeters in 
length, of uniform cross section and weighing 14.452 
grams at 0° C. 

The resistance of a wire is inversely proportional to 
the electrical conductivity of its material. As previously 
pointed out, materials differ considerably in conductiv- 
ity. The resistance of a conductor depends on its size 
and shape as well as the nature of its material; thus, the 
larger the cross-sectional area of the conductor, the 
smaller its resistance, and the longer the conductor, the 
greater its resistance. In fact, the resistance of a con- 
ductor of uniform size and shape is directly proportional 
to the length and inversely proportional to the area; 
expressed mathematically, 

R = R.i 

A 

where “R” is the resistance of the conductor expressed 
in ohms, “L” is the length in meters or feet, “A” is the 
area in square millimeters or circular mils (area of a 
circle 1/1000 inch in diameter), and “R.” is a propor- 
tionality factor or constant, called the specific resistance 
or resistivity of the material expressed in ohms per 
meter per square millimeter, or in ohms per circular mil 
per foot. Specific resistance or resistivity is merely the 
inverse of conductivity. 

The resistance of metallic conductors usually in- 
creases as the temperature rises; for example, the re- 
sistance of pure metals increases by about 4 per cent 
for an increase of 18® F (10® C), whereas alloys usually 
have a smaller rate of change. In some alloys, the re- 
sistance remains practically constant over a wide range 
of temperature. The resistance of liquids, such as those 
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used in storage batteries, decreases as the temperature 0* C, are known, the resistance at any other tempera - 
rises. If the temperature coefficient of resistance (a) of ture (t) c.'in be calculated from the equation, Rt R„ 
a material, and the resistance (Ro) of the material at (11 at). 

SECTION 8 

FLOW OF DIRECT CURRENT IN CONDUCTORS 

Ohm’s Law — ^The relationship between the difference resistance is less than the resistance of any one of 


of potential between two ends of a conductor and the 
current flowing in the conductor is given by Ohm’s Law, 
which states that the current is directly proportional to 
the difference of potential or voltage; expressed mathe- 
matically, 

VrrRI 

where “V” is the difference of potential in volts, *‘I” is 
the current in amperes, and *‘R” is the proportionality 
constant, the resistance, expressed in ohms. 

Ohm’s Law applies only to a uniform or steady cur- 
rent, that is, to a current of constant magnitude; it does 
not always hold for alternating current, such as is cotn- 
monly used in lighting and power circuits (see section 
13 of this part of Chapter 2: “Characteristics of Alternat- 
ing Current”). Furthermore, the relationship is strictly 
true for metallic conductors only when there is no 
change in the temperature. 

Resistance in Series — The preceding discussion of re- 
sistance has been limited to the flow of current through 
a very simple circuit, that is, tlirough a conductor of 
uniform resistance connected to a storage battery. In 
practical circuits, it is customary to cormect several dif- 
ferent resistances together in tlie same complex circuits; 
in this case, the resistcinces may be coupled end to end 
in series, as shown in Figure 2 — 16, or in parallel, as 



Fic. 2—16. Resistances in series. The combined re- 
sistance (R) is equal to the sum of individual re- 
sistances (Rj+Ra-hR,) . 


shown in Figure 2 — 17. When the resistances are con- 
nected in series, the total or combined resistance is 
equal to the sum of the individual resistances. Thus in 
Figure 2 — 16, 

R “ Ri -|- Ra -f- R« 

where “R” is the total resistance, and “Ri,” “Rc,” and 
“R*” are the individual resistances. 

Resistances in Parallel — When the resistances are 
connected in parallel, as in Figure 2 — 17, the combined 



R 


Pic. 2 — 17. Resistances in parallel. The combined resistance 
(R) is less than any one of the individual resistances 
(Ri, R, orR,). 


them. This is apparent from the hydraulic analogue of 
this electric circuit, shown in Figure 2 — 18, consisting of 



Fig. 2 — 18. Hydraulic analogue of electric resistance in 
parallel. Water mains (A and B) connected by small 
pipes (C and D) in parallel. 


two large water mains connected by a single smaller 
pipe C. When the pipe D is added, another path is pro- 
vided for the flow of water, hence more water will flow 
through the circuit and the total resistance to flow is 
decreased. The expression for computing the total re- 
sistance (K) of three resistances (Ri, Rs, Ra) in par- 
allel is 

.1 =1 + 1 + 2 . 

R R, R, R, 

Law of Divided Circuits — When a current in a com- 
plex circuit divides, part flowing in one branch and 
part in another, the branch possessing the smaller re- 
sistance will conduct the larger part of the current. In 
fact, the ratio of currents in the two branches is in- 
versely proportional to the ratio of the resistances of the 
branches. Thus in Figure 2 — 19, 

Ii:_R, 

I.“Ri 

where “Ii” and “Ri” represent the current and the re- 
sistance of one branch, and “L” and “Ra” tlie current 
and the re*sistance of the other branch. 
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Fic. 2 — 19. A divided circuit. The ratio of tlie currents (I, 
and D in tlie two branches is inversely proportional 
to the ratio of the resistances (R^ and Ra) of the 
branches. 

Frequently it is desirable to have only part of a cur- 
rent flow through an instrument. For example, in order 
to measure a large current with a galvanometer or am- 
meter, which is not capable of carrying the whole cur- 
rent, a conductor may be connected across the termi- 
nals of the instrument so that the current will divide, 
part going through the instrument and part through the 
conductor of known, calibrated resistance. A conductor 
used in this way is called a shunt. 
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SECTION 9 

ELECTROMAGNETISM 

Mariirtic* Fields and Electric Currents — There is an wire are wound to form a coil, most of the magnetic 


impoii.'^nr Ajnnoction between magnetism and elec- 
tric- tfy Nviiirh is that a magnetic field is produced around 
i\ wi: I’.irfymg an electric current. This can be demon- 
by the deflection of a compass needle (magnet) 
vsbv' * it IS brought near a vertical wire carrying a cur- 
jt T)}, or by the positions assumed by iron filings in con- 
ritric circles around the wire on a plane (sheet of pa- 
per; peryjendicular to the wire, as indicated in Figure 
2 -20. The lines of force are circular and lie in planes 



Fig, 2 -20. Magnetic field about a wire carrying a current, 
shown by iron filings on a sheet of paper. 


perpendicular to the current. The direction of the mag- 
netic field with respect to the direction of the current 
is given by the right-hand rule; that is, if the wire is 
grasped in the right hand, so that the thumb points in 
the direction of the current, the fingers will point 
around the wire in the direction of the magnetic field. 
The strength of the field is directly proportional to the 
current in the wire. 

This same rule applies even though the wire may be 
bent into a loop (Figure 2 — 21). When several loops of 



Fig. 2—21. Magnetic field about a single loop of 
wire carrying a current. 


linos will pass through the entire coil (Figure 2 — 22), 
Such a loose coil of wire is known as an air- core sole- 
noid. If now, an iron core is placed within the coil to 



Fig. 2—22. Magnetic field about a solenoid carrying a cur- 
rent 


form an iron -core solenoid, the strength of the magnetic 
field about the coil is increased tremendously. The rea- 
son for this is that when the iron core becomes mag- 
netized, the field of force of the magnet lines up with 
the field of the coil to produce an intense magnetic 
field. This arrangement consisting of an iron core in a 
helical wire coil (Figure 2 — 23) is commonly called an 
electromagnet. 



Fig. 2—23. Solenoid with iron core, showing concentration 
of magnetic flux. 


The strength of the magnetic field within a large 
solenoid or coil with an air core is given by: 

„ 47rNI 
10 

where “H” is the field strength in gausses, “N'" is the 
number of turns of wire in the coil per centimeter of 
coil length, and “I” is the current in the wire in amperes. 
The field strength of an electromagnet can be calculated 
from this expression: in practice, the strength of elec- 
tromagnets is rated in terms of ampere- turns (product 
of the current in amperes times the number of turns of 
wire in the coil — IN). When the coil contains an iron 
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core, which is more permeable than air, the same num- 
ber of ampere turns in the coil will yield a much greater 
field strength as mentioned above. The exact amount 
of the increase in field strength will depend on the per- 
meability of the iron core — ^the higher the permeability 
of the iron core the greater the increase in field strength 
over that of the coil alone. 

The permeability of iron may vary considerably, de- 
pending upon its purity, microstructure, and state of 
internal stress. In fact, the relationship between the 
magnetizing force of the wire coil alone, and the 
strength of the induced magnetic field when the iron 
core is inserted is given by: 

B = /iH 

where “H” is the magnetizing force of the coil alone in 
gausses, “B” is the strength of the induced magnetic 
field when the core is inserted, and “/i” is the permea- 
bility of the iron. If the value for the field strength “H' 
given above is inserted in this expression: 

10 

The value of ‘V” is not constant but varies with the 
magnetizing force “H,” as shown by the typical curve 
of Figure 2 — ^24. The field strength of the electromagnet 
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Fig. 2—24. A typical magnetization 
curve for iron. 


can be increased still further by providing a more com- 
r)lete iron circuit so that the magnetic lines of force 
travel largely through the iron, that is, by extending the 
iron core outside of the coil until its two ends nearly 
meet in the shape of a C. 



DIRECTION 
OF FORCE 


Fic. 2—25. Force on a wire suspended in a strong magnetic 
field. 


Another equally important aspect of the relationship 
between electric currents and magnetic fields is that a 
wire carrying a current experiences a mechanical force 
when placed in a magnetic field. If a wire carrying a 
current is loosely suspended in a strong magnetic field, 
the wire will tend to move in the direction indicated in 
Figure 2 — 25; if the direction of the current in the wire 
is reversed by changing the battery connections, the 
wire will move in the opposite direction. It will be 
noted that, in either case, the force on the wire is per- 
pendicular to both the magnetic field and to the current. 
This mutual perpendicularity between the three direc- 
tions of force, field, and current is characteristic of re- 
lationships between mechanical, magnetic, and electri- 
cal phenomena. The magnitude of the force depends on 
the current, the strength of the magnetic field, and on 
the length of the wire in the field; that is, the force is 
proportional to the current times the magnetic field 
strength times the length of the wire. Since the force, 
current, and length can be readily measured, it is con- 
venient to define the unit of magnetic field strength in 
these terms. 

If a single loop of wire is suspended between the poles 
of a magnet, and a current is produced in the wire loop, 
as in Figure 2—26, the direction of the current in the 



OF LOOP 


Fig. 2—26. Loop of wire carrying a current and suspended 
in a strong magnetic field. Forces tend to cause rotation. 


left-hand part of the loop is such that the force is di- 
rected toward the reader, whereas in the right-hand 
part, the current is opposite, so the force is directed 
away from the reader. These equal and opposite forces 
tend to make the wire loop rotate. The effectiveness 
of the forces tending to produce this twist is called the 
torque, and in this case it is the product of one force 
and the distance between the two forces. The tendency 
of a loop of wire carrying a current to rotate in a mag- 
netic field is the basis for electric motors which trans- 
form electric energy into mechanical energy (see Sec- 
tion 14). Conversely, if a wire carrying no current 
originally is moved through a magnetic field so as to 
cut the lines of force of the field, an electric current will 
flow through the wire; this principle is employed in 
generators converting mechanical energy into electrical 
energy, as discussed in Section 12. 
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SECTION 10 

ELECTRIC ENERGY AND POWER 


Energy— Elertric energy is determined in much the 
same way as is mechanical potential energy. The po- 
tential energy tiiat is changed to other forms of energy 
when a body of weight “W*’ and mass ‘‘m” falls through 
a distance “h” is given by the expression: 

Potential Energy = Wh = mgh (foot-pounds or joules) 

Similarly, the electric energy that is changed to other 
forms when an electric charge “Q” falls through a dif- 
ference of potential “V” is given by: 

Electric Energy = QV (joules) 

In practice, the charge “Q” is not measured directly, in- 
stead the current “I,” which is the rate of flow of electric 
charge, is measured, and the total charge passing 
through a section of the circuit in time “t” is obtained 
from the relation 

Q = It 

which is true if “I” does not change. If “V” is also 
constant, the quantity “It” can be substituted for “Q” 
in the expression for electric energy: 

Electric Energy = Vlt (joules) 

Inasmuch as electric energy is readily transformed into 
heat energy in resistances, it is often desirable to know 
the amount of heat energy generated when a steady 
current “I” flows in a resistance? “R” for time “t.” The 
electric energy transformed into heat energy is: 

Vlt = TRt (joules) 

since the potential difTerence “V” between the two ends 
of a resistance is equal to “IR” volts. 


It has been pointed out earlier that tlie mechanical 
equivalent of heat is given by 

4.186 joules = 1 calorie 
or 4,186 joules = 1 kilocalorie 

Therefore, the above equation for electric energy trans- 
formed into heat energy may also be written: 

Vlt = ^ (kilocalories) 

4,186 

= 0.00024 RPt (kilocalories) 

Power — Frequently it is desirable to know how much 
energy is being generated or consumed per unit time 
rather than the total energy, in other words, to know 
the power of a generator or motor. 

From the above discussion on electric energy, it is 
apparent that, if “V” and “P' are constant, 

Gri(?r£?y 

Power = ^ = VI (joules per second or watts) 

time 

The unit of electric power is the wait; since this unit 
is very small compared to the power generated and used 
today, a larger or multiple of this unit, called the kilo • 
watt, is generally used (1 kilowatt — 1000 watts). 

There are several ways of expressing electric power in 
terms of resistance, current, and potential difTerence. 
Since V = IK, then 

Power = VI = ITl (watts) 

R 

In a simple circuit, the power dissipated in a resist- 
ance can be determined by mcasurmg the two quantities 
in any one of these expressions. 


SECTION 11 

ELECTROMAGNETIC INDUCTION 


If a coil of wire is connected to a galvanometer and a 
magnet is pushed into the coil, the galvanometer pointer 
momentarily deflects, indicating a current, but it returns 
quickly to zero when the magnet is held stationary 
within the coil. When the magnet is pulled out of the 
coil, the pointer deflects in the opposite direction, but 
again becomes zero almost immediately. It may be con- 
cluded then that only moving or changing magnetic 
fields induce electric currents, as no current is generated 
in the coil when the magnet is at rest. Evidently, either 
the magnet or the coil can be moved in order to produce 
a current. Thus mechanical energy can be converted into 
electric energy by moving a coil and a magnet with 
respect to each other. 

A current can also be produced by means of two coils, 
instead of a magnet and a coil (Figure 2 — 27). When a 
current is produced in the first coil, a magnetic field 
quickly radiates from this coil and its linos of force 
spread out and cross the wires in the second coil nearby. 
This electromagnetic disturbance induces a momentary 
current in the second coil. The pointer of a galvanometer 
connected to the second coil deflects momentarily and 
then returns quickly to zero. However, no current flows 
in the second coil as long as the current in the first coil 
is steady. When the current in the first coil is stopped, 
by opening a switch, again there is a momentary current 


in the second coil, but in the opposite direction. Evi- 
dently, current is induced only when the current in the 
first coil is changing; that is, when the magnetic field 
produced by it is changing. By reversing the direction of 
the applied current, or by turning one of the coils end 
for end, the direction of the induced current indicated 
by the galvanometer is reversed. Thus, the second coil 
must be subjected to a changing magnetic field if cur- 




Fic. 2—27. Changing current in coil A induces a current in 
coil B. 
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rents are to be induced in it. The changing field, there- 
fore, con be produced cither by varying the current in a 
nearby stationary coil, or by actually moving the first 
and second coils with respect to each other. If this ex- 
periment is repeated with the two coils placed on a 
single iron core, the induced current in the second coil 
is greatly increased, because iron greatly increases the 
magnetic field produced by the current in the first coil 
and tends to lead the lines of force from the first coil 
through the second. 

Self-Induction — Whenever the current in a solenoid 
changes, the lines of flux cut every turn within the 
solenoid itself and induce within the coil a voltage op- 
posing or counter to the change. This phenomenon is 
known as self-induction. As the current decreases, there 
is a forward voltage or electromotive force (e.m.f.) ; as 
it increases there is a back electromotive force. Thus, the 
induced electromotive force tends to keep the current 


imchanged. This is analogous to the action of mass in 
mechanics and may be thought of as electrical inertia. 
The measure of self-induction is the coefficient of self- 
induction or self- inductance (L). 

Laws of Electromagnetic Induction — ^From experi- 
ments such as those described above, the following laws 
pertaining to electromagnetic induction can be deduced: 

1. Any change in the number of lines of force passing 
through a closed conducting circuit induces a current in 
that circuit. 

2. The direction of the induced current is always such 
that its magnetic field opposes the motion which pro- 
duces it (Lenz’s Law). 

3. The electromotive force of the induced current is 
directly proportional to the rate at which the number of 
lines of force are increased or decreased, or to the rate 
at which the lines of force are cut. 


SECTION 12 

MECHANICAL GENERATION OF ELECTRIC CURRENT 


Alternating- Current Generator — If a single loop of 
wire is placed in a strong magnetic field and is rotated 
by means of a torque applied to it with a crank or pulley 
(Figure 2 — 28), the wire on the left moves in one direc- 
tion through the magnetic field, and the wire on the 
right moves in the opposite direction. Therefore, the 
voltages induced in both wires set up a current in the 
same direction in the loop. However, as the loop is 
rotated a half revolution further, the two wires ex- 
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Fig. 2—28. Change in voltage induced in a wire loop dur- 
ing one complete rotation in a magnetic field. 


change directions through the magnetic field, so that the 
induced voltages are opposite to the previous ones, and 
the current flows in the opposite direction through the 
loop. 

The change in total voltage during one complete rota- 
tion of the loop is represented graphically in Figure 
2 — 28. The voltage increases from zero at position “P” 
to a maximum in one direction, called positive, as the 
wires pass one pair of poles and then decreases to zero 
a half revolution from position “P.” As the loop is ro- 
tated further and the wires pass the opposite pair of 
poles, the voltage reverses and becomes a maximum in 
the opposite direction, called negative; it then decreases 
to zero again as the loop returns to position “P.” This 
type of device produces an alternating positive and 
negative voltage, resulting in a current first in one di- 
rection and then in the opposite direction, and therefore 
is called an alternating-current (AC) generator. The 
number of complete reversals or cycles of voltage per 
second is termed the frequency of oscillation of the 
voltage. This type of generator, in a more complex form, 
is in many ways more useful than one which produces a 
voltage, and therefore a current, always in the same di- 
rection. 

Direct -Current Generator — In order to obtain voltage 
and current from a generator in one direction only, a 
commutator-brush switching arrangement must be in- 
troduced. Such an arrangement illustrated in Figure 
2 — 29 reverses the connections to the armature at the 
proper times, so that the current will always be in the 
same direction. By providing several armature coils of 
many turns of wire on an iron core and connecting them 
to commutator segments, and by using electromagnets 
to supply the fixed magnetic field, a relatively steady 
direct current can be produced when the armature is 
rotated. 


SECTION 13 

CHARACTERISTICS OF ALTERNATING CURRENT 

The flow of alternating current is different in many rents are fed into a conductor, the resulting current may 
respects from that of direct current— many new phe- be anything from zero to the sum of the two, depending 
nomena appear. For example, when two alternating cur- on their relative phases. Furthermore, the voltage may 
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be out of phase with the current, so that although there 
may be both current and voltage, there may be no 
power. Also, alternating current can flow where direct 
current cannot and vice versa. 

Frequency- -In the discussion of the simple two-pole 
alternaUnt^ t^encrator, it was pointed out that the gen- 
erafi'd vnltaMe fluctuates from zero to a maximum in the 
positive direction, back to zero, then to a maximum in 
the ni j^ativc direction, and finally back to zero, during 
one 1 evolution of the armature. This complete reversal 
<d consisting of two alternations, is called a 

cycle. If the armature rotates 60 revolutions every sec- 
ond, the frequency of the resulting voltage is 60 cycles 
p('r second, the most commonly used frequency. In prac- 
tice, to avoid the necessity of running a generator at 
such a high speed, several pairs of poles are arranged in 
a circle around the armature, so that north and south 
poles alternate in position. If there are 10 poles (5 pairs), 
5 cycles will be generated per revolution, and the gen- 
erator can be run at 12 revolutions per second, or 720 
revolutions per minute, in order to produce 60-cycle 
current. 

It should be pointed out that the alternating current 
fluctuates in a systematic way (sinusoidal wave form) 
just as does the voltage. When alternating current flows 
through a simple resistance, the voltage and current 
waves are in step (phase) and are represented together 
as a single wave; that is, the voltage is greatest at the 
same time that the current is greatest. Under certain 
conditions, however, the voltage may not be in phase 
with the current, and this situation is represented by 
two waves, one di.splaced along the time axis with re- 
spect to the other. 

Polyphase Current — In the simple alternating-current 
generator possessing a loop or two coils in the armature, 
described previously, much of the space in the magnetic 
field is wasted. This space can be utilized by placing 
additional pairs of coils in the armature; thus, if a sec- 
ond pair of coils is added, a second independent current 
supply is provided. The voltage generated in these coils 
is just 90 degrees out of phase with that of the first pair 
of coils, because the magnetic flux through this second 
pair of coils is a maximum when that through the other 
pair is zero; thi.s is a two -phase generator. Frequently 
three such sets of independent circuits are employed in 
the armature to produce three-phase current. 

Effective Values of Alternating Current and Voltage — 
It is not possible to use the average value of the alter- 
nating current sine wave as a measure of current, be- 


cause this value is zero. However, the energy delivered, 
or heat developed, is equal to FR, the value of F, though 
varying, is always positive. Therefore, the square root 
of the average value of F may be taken as the effective 
value (le) of alternating current (root mean square 
current) . The effective value of AC voltage (Ve) has the 
same meaning. The root mean square values are ap- 
proximately seven-tenths of the maximum values for 
the currents and voltages. It is these effective values 
which are read directly on AC ammeters and voltmeters. 

Impedance — When alternating current flows through a 
simple resistance, the relation between current and 
voltage is given by Ohm’s Law, 


but, in general, Ohm’s Law cannot be used for alternat- 
ing current. Alternating current differs from direct 
current in at least two important respects; that is, 
alternating current is impeded by the self-induction of 
a coil, whereas direct current flows unhindered, and 
alternating current effectively passes through a capaci- 
tor according to an appropriate impedance, whereas 
direct current cannot flow at all. For alternating cur- 
rent, it is necessary, therefore, to introduce a new prop- 
erty of a circuit, called impedance (Z), to replace the 
term resistance in Ohm’s Law: 



The impedance (Z) includes a resistance term and a 
reactance term. This latter term is frequency dependent 
and is actually composed of two terms, the inductive 
reactance and the capacitive reactance. The mathe- 
matical expression for the impedance Z is: 

z = > + (2,n.-J,j 

Power Factor — Any self-induction in a circuit causes 
a difference in phase between the voltage and the cur- 
rent, so that the current either forges ahead or lags be- 
hind the voltage, and the two do not reach their maxima 
and minima together. Consequently, at any instant the 
product of the voltage and current, which represents 
the energy available for use, is less than the total energy 
supplied to the circuit. The ratio, expressed in per cent, 
between the useful voltage that is available for over- 
coming resistance of conductors, to produce heat, or to 
run a motor, and the actual or measured voltage, is 
called the power factor. 


SECTION 14 

PRINCIPLES OF MOTORS 


In rotating the armature of a generator, mechanical 
energy is converted into electrical energy, whereas in 
operating a motor, electric energy is converted into 
mechanical energy, so that the motor and the generator 
perform operations which are the converse of one an- 
other. The amount of electric energy generated is never 
quite equal to the mechanical energy input and vice 
versa, because a certain small amount of mechanical 
energy is dissipated as mechanical friction and heat in 
the generator or motor. In many respects, a generator 
is like a water pump in that it forces electrons to circu- 
late through wires to electrical machines or appliances, 
where they do useful work and then return to the gen- 
erator. 


Direct- Current Motor — In order to make a loop or 
coil of wire, suspended between the poles of a magnet, 
rotate continuously when a direct current is passed 
through the wire, a switching arrangement, called a 
commutator, must be provided, so that the current 
through the coil is reversed in direction just as the coil 
aligns itself with the fixed field magnei ic poles. The coil 
is then magnetized in such a way that it must rotate still 
further to line up in the opposite position. This process 
is repeated indefinitely, producing a continuous rotation 
of the armature coil. The coil is always reversed at just 
the proper time to carry on the rotation of the coil. The 
commutator consists of two copper segments insulated 
from each other and connected to the ends of the coil. 
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The current is carried to the commutator segments by 
carbon contacts called “brushes** which are forced by 
springs to rub against successive commutator segments. 
This simple motor arrangement is shown diagram- 
matically in Figure 2 — 2d. 



Fig. 2—29. Principle of direct-current motor. The commu- 
tator consists of two metal segments (C) separated by 
an insulator (I). 


In practice, the armature consists of several coils of 
many turns of wire wound on an iron core to provide 
large magnetic forces. Also, the fixed magnetic field is 
usually produced by sending some of the current from 
the source of electric energy into field coils wound on 
iron cores, instead of by means of permanent magnets. 
When the field coils are placed in parallel with the 
armature coils, as in Figure 2 — 30, the motor is called a 
.shunt motor. This is the usual connection for large 
direct-current motors. When tlie field coils are con- 
nected in seiies with the armature coils, the motor is 
called a series motor (Figure 2 — 31), Most small motors 
are of the latter type and can be used on either direct 
current or alternating current. Another type of direct- 
current motor combines some of the advantages of the 
series and shimt windings; this is the compound-wound 
motor (Figure 2 — 32). 

Alternating- Current Motor-— Inasmuch as alternating 
current is more conveniently transmitted than direct 
current, motors have been developed especially for 
operation by power from this source. Alternating- 
current motors are simpler in construction than direct- 
current motors. Thus, in Figure 2 — 33 a closed wire loop 
is shown suspended between the poles of an electro- 
magnet which has alternating current applied to it. The 
current in the loop is induced by an increase in the 
magnetic field, caused by an increase in voltage and cur- 
rent in the electromagnet windings. If the magnetic 
field then starts to decrease, as the coil rotates 90 de- 
grees past the first position, the direction of the induced 
current in the loop will reverse, and the mechanical 
forces will be such that the rotation continues indefi- 
nitely in the same direction. The number of revolutions 
per second will be equal to the alternating-current 
frequency in cycles per second. It is evident, therefore, 
that the main differences between an alternating- 
current motor and a direct-current motor are: the 
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Fig. 2 — 30 Simple shunt- wound direct unent motor. 


COMMUTATOR 



Fig. 2—31. Simple serics-wotmd direct-current motor. 



Fig. 2 — 32. Simple compound-wound direct-current motor 


DIRECTION 
OF FORCE 



Fig. 2—33. Principle of alternating -current induction 
motor. 
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armature current is induced instead of being supplied to 
the armature through brushes, the direction of the in- 
duced current is reversed automatically twice during 
each alternating-current cycle in the electromagnetic 


windings, so that the need for a commutator is elimi- 
nated, and the speed of rotation is controlled by the 
alternating-current frequency. Further discussion of 
alternating-current motors will be foimd in Chapter 24. 


SECTION 15 


PRINCIPLES OF TRANSFORMERS 


If two coils of wire are wound on an iron core, and 
one coil, called the primary, is connected to a source of 
60-cycle alternating ciurent, such as an AC generator, 
the voltage across the primary coil will increase from 
zero to a maximum value in the positive direction in 
/^4o second, return to zero in the next V 2 M) second, in- 
crease again to a maximum but in the negative direction 
in the third V^4o second, and will finally return to zero in 
the fourth V64(> second. The current fluctuates in a sim- 
ilar manner following the voltage, continuously repeat- 
ing the cycle every %o second. As the current in the 
primary coil reverses direction twice each cycle or 
Ywr second, the magnetic field accompanying this chang- 
ing current sweeps back and forth across the other coil, 
called the secondary coil, at the same rate. This fluctuat- 
ing magnetic field induces an alternating voltage in the 
secondary coil, even though there is no direct connec- 
tion between the two coils. A device of this kind is 
known as a transformer (Figure 2-— 34). Transformers 



Fig. 2—34. Simple step-up transformer. 


will not operate on continuous direct current, because 
no induced current can be produced by a steady direct 
current. For this reason they are nearly always operated 
on alternating current because it is simpler to use AC 
than to provide an interrupted direct current. The iron 
core serves, as in an electromagnet or armature, to guide 
tlie magnetic field from one coil through the other. In 
practice this iron core is laminated; that is, it is made up 
of several thin iron strips, which arrangement increases 
the resistance of the core to the flow of parasitic or 
eddy currents that tend to catise heating of the core and 
reduce the efficiency of the transformer. 

The transformer is important because of its ability to 
“step up” or “step down” the voltage from a given 
source. If a voltage 100 times greater than that available 
is required, it is merely necessary to provide 100 times 
as many turns in the secondary as in the primary; on 
the other hand, if a voltage of Moo of that available is 
needed, It naay be obtained by using Moo *8 many turns 


in the secondary coil as in the primary. In general, the 
ratio of the voltage across the primary (Vi) to that 
across the secondary (V*) is the same as the ratio of 
the number of turns in the primary (Ni) to that in the 
secondary (Na) , or expressed mathematically; 

V,”'Na 

Accompanying this change in voltage there is a change 
in the current, but in the inverse ratio; that is, if the 
voltage is stepped up 100 times in the secondary, the 
current will be reduced about 100 times. In general, for 
a transformer, the product of the voltage (V,) and cur- 
rent (I,) in the primary is equal to the product of the 
voltage (Va) and current (L) in the secondary; ex- 
pressed mathematically: 


h-h 

Even though a voltage is induced in the secondary, 
there is no current whatever in the secondary until it 
is connected to some device that completes the circuit. 
Furthermore, the current in the primary is nearly zero 
if there is no current in the secondary. When current 
flows in the secondary, the primary current increases 
correspondingly, so that the electric power output and 
input are always in balance. Thus, the transformer is a 
kind of self-adjusting device. 

In transmitting electric energy through wires over 
long distances, it is customary to employ high voltages 
and low currents, rather than low voltages and high 
currents; the reason for this is that in low-voltage, high- 
current transmission, over a long length of wire, the 
voltage drop (IR) is large, and even worse, the power 
loss (FR) is very great. Thus, step-up transformers are 
employed to raise the voltage from alternating-current 
generators, which is usually 120 to 3,000 volts, up to 
voltages of 12,000 to 120,000 for transmission. At the 
place where the electric energy is to be used, the voltage 
must then be reduced again, by means of a step-down 
transformer, to voltages of 1 10 or 240, in order to operate 
ordinary motors, lights, and appliances. A modem high- 
voltage, low-current transmission line is shown sche- 
matically in Figure 2 — 35. 
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Fio. 2 — ^35. High-voltage, low-current transmission system. 




CHEMISTRY AND PHYSICS 


49 


SECTION 16 

CURRENT RECTIFICATION 


Since, for economic reasons, alternating current is al- 
most universally used for transmission and distribution, 
some method must bo available to change it into direct 
current when the latter is more desirable for industrial 
use. The two principal types of equipment used for 
changing large amounts of alternating-current power to 
direct-current power in the steel industry are motor- 
generator sets and rectifiers. 

Motor -Generator Sets — The simplest form of motor- 
generator set consists of an alternating-current motor 
and a direct-current generator. In practice, several 
direct-current generators may be operated by one 
alternating-current motor. Each of the generators can 
be designed so that the voltage at which the direct cur- 
rent is delivered is different for each generator. 

Frequency Changers — Motor-generator sets are not 
always built for the purpose of changing alternating 
current into direct current. Sixty cycles per minute is 
the most commonly used frequency in this country. 
However, in some sections of the country, industry re- 
quires alternating current at the frequency of 25 cycles 
for use in motor drives. A special type of motor- 
generator set, called a frequency changer is employed 
for this purpose. The alternating-current motor for such 
a set IS designed for the frequency at which the power 
is delivered and the generator is designed to deliver 
alternaliiig current of the desired frequency. 

Mercury- Arc Rectifiers— For changing large amounts 
of alternating-current power to direct-current power, 
an electronic type of rectifier more commonly known as 
the mercury-arc rectifier is employed in steel-plant 
service. The principle of operation of a mercury-arc 
rectifier is illustrated schematically in Figure 2 — 36. A 
rectifier may be described as a device which will per- 
mit current to pass through it in only one direction. 
Thus, when alternating current is applied, current 
passes through the rectifier during the positive half 
cycles, but not during the negative half cycles. If smgle- 
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Fig. 2—38. Principle of operation of all electronic rectifiers. 
With this simple arrangement, half-wave rectification 
occurs. (Courtesy, “Iron and Steel Engineer.’*) 
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Fig. 2 — 37. Diagram of single phase mercury arc rectifier 
arrangement to provide full-wave rectification. (Court- 
esy, “Iron and Steel Engineer.”) 



Fig. 2—38. Diagram of six phase ignltron or excitron type 
mercury arc rectifier. (Courtesy, *Tron and Steel En^- 
neer.”) 
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phase alternating current is rectified in this manneri 
half "Wave n'ctiiicalion results^ as indicated at the hot* 
tom of the illustration. 

All electroiiir rectifiers depend upon a flow of elec- 
trons from cathode to anode. This flow will not start 
until the anode is positively charged with respect to the 
cathode. Once started, the flow of electrons continues 
until tht‘ anode becomes negative with respect to the 
cathod*’. This happens at the end of each positive half 
cycle. Mercury vapor from the pool that serves as a 
cathode provides the conducting medium for the arc 
through which the current flows. 

The mercury-arc rectifier depends for the start and 
continuation of electron flow upon the ignition and 
maintenance of a hot spot upon the cathode each posi- 
tive half cycle. This hot spot provides the necessary 
vaporization of mercury. 

The simplest practical form of full-wave rectification 
consists of a single-phase transformer with a rectifying 
element in each leg of the secondary circuit. The return 
circuit Is connected to the mid-point of the transformer 
winding (Figure 2-~37). As the current in the primary 
of the transformer flows from left to right, a voltage is 


set up in the secondary from right to left. The mercury- 
arc rectifier in the left-hand leg of the secondary per- 
mits flow of current in one direction only, so that the 
current flows through that rectifier, through the load 
circuit, and back to the neutral connection in the sec- 
ondary. When the direction of current is reversed in the 
primary of the transformer, the flow of current in the 
transformer secondary is through the right-hand half of 
the secondary winding, through the rectifier at the right, 
through the load circuit, and back to the neutral con- 
nection of the secondary. The rectified voltage is always 
positive, varying from zero to a maximum positive value 
for each half cycle. The dotted line indicates how the 
voltage would have changed from positive to negative 
if rectification were not employed. 

In order to obtain large power capacities for practical 
use, it is necessary to obtain direct-current voltages of 
a more uniform value than can be obtained by single- 
phase rectification. To obtain this result, a six or more 
phase rectifier is normally used (Figure 2—38) . By this 
means, the voltage never falls outside of set limits and 
never becomes zero, so that a satisfactorily steady direct 
current is delivered to the load circuit. 



Chapter 3 

FUELS AND COMBUSTION 


SECTION 1 

INTRODUCTORY 


Any substance capable of producing heat by combus- 
tion may be termed a fuel. However, it is customary to 
rank as fuels only those which include carbon and 
hydrogen and their compounds. Wood was the earliest 
fuel used by man. Coal was known to exist in the fourth 
century B.C., and petroleum was used by the Persians 
in the days of Alexander. Prehistoric records of China 
and Japan are said to contain references to the use of 
natural gas for lighting and heating. 

Heat generated by the combustion of fuel is utilized in 
industry directly as heat or is converted into mechanical 
or electrical energy. Fuel has become the major source 
of energy for manufacturing enterprises. In America, 
fuel has been produced and exploited to a greater extent 
than in any other country. The United States became the 
leading coal-producing country of the world in 1889, and 
in 1902 took the lead in crude -petroleum production 
from Russia. The United States is also the leading pro- 
ducer of natural gas. 

Fuel enters significantly into manufacturing costs, as 
it generally represents one of the four largest items of 
expense. In some industries it is the largest. The steel in- 
dustry is one of the three major consumers of coal but, 
since coal is used so universally, consumes only about 
15 per cent of the total produced. In periods of high pro- 


duction, the steel industry expends annually over a 
quarter of a billion dollars for coal. A modern fully- 
integrated steel plant consumes approximately a ton of 
coal for each ton of steel ingots produced. The steel in- 
dustry also consumes large quantities of natural gas and 
petroleum. A comparison of petroleum consumption in 
the steel industry to total production is not so significant 
as with coal. However, some steel plants rely on oil as 
their major fuel. 

The enormous annual consumption of coal, petroleum, 
and natural gas in the United States has provoked inter- 
est in the natural resources of these materials. Our 
known resources are still the greatest in the world, but 
the best and most readily accessible petroleum and nat- 
ural gas are said, by some authorities, to approach de- 
pletion, at the present high rates of consumption, before 
2000 AJD. However, when the less desirable coal beds are 
included, the known coal reserves have been estimated 
to be sufficient to last anywhere from three hundred to 
two thousand years. Some industries are developing 
synthetic fuels, particularly liquid and gaseous fuels 
from lower-grade coal, in anticipation of the time when 
their use will be justified economically. Efficient fuel 
utilization has been intensified not only by the prospect 
of depletion, but also by rising costs of fuel production. 


SECTION 2 

CLASSIFICATION OF FUELS 


The Classification of Fuels — Fuels are classified usually 
into three general divisions; viz., solid, liquid, and gas- 
eous. Fuels in each general division can be classified 
further as natural, manufactured, or by-product. Fuels 
found in nature sometimes are called primary fuels; 
those manufactured for a specific purpose or market, to- 
gether with those which are the unavoidable by-product 
of some regular manufacturing process, are called sec- 
ondary fuels. The primary fuels serve as the principal 
raw materials for the secondary fuels. Table 3—1 gives a 
classified list of the important fuels. It also lists some in- 
teresting by-product fuels, many of which have been 
utilized by industry to conserve primary fuel. 

Importance of Each Class— Although there has been a 
decline in the use of coal, and a proportional increase in 
petroleum and natural gas consumption, it is improbable 
that either of the latter two fuels, because of ^e great 
difference in reserves, will ever surpass coal as an in- 
dustrial fuel, unless diey are made synthetically from 
coal. Coal is the major fuel of public utilities for the gen- 
eration of power and is essential to the steel industry for 


the manufacture of coke. It has been supplanted to a 
large extent by liquid fuels for the generation of motive 
power by railroads. It is a major raw material in many 
chemical plants as a source of carbon, hydrogen, and 
their compounds. Industrial coal consumption is about 
five times that of household. 

The growth of petroleum consumption has been phe- 
nomenal in the past forty years due to the increasing 
demand for its distillation products. Gasoline, the most 
important product, is used as a motor fuel. Light oil is 
used for Diesel engines. Distillate and residual fuel oils, 
and some crude petroleums of too low commercial value 
for distillation, are used for industrial and domestic 
healing. Crude and refined petroleum of various grades 
is used for lubrication of all types of machinery and 
prime movers. Petroleum is the base for many synthetic 
products and is competitive with coal chernicals in a 
number of important applications. 

The marketed production of natural gas increased 
fourfold in the twenty years prior to 1945, and the quan- 
tity used in that year was approximately 165,000,000 tons 



52 


THE MAKING, SHAPING AND TREATING OF STEEL 
Table 3 — ^I. Classification of Fuels 


General 

Division 

Primary Fuels 

Secondary Fuels 

Natural 

Manufactured 

By-Product 

Solid 

i 

Antiu’acite coal 

Bi luminous coal 

Li finite 

1 Peat 

Wood 

Semi-coke (low temperature 

coal distillate) ' 

Coke 

Charcoal 

Coal slack and culm 
Lignite 

Briquettes"^ Peat 

Sawdust 

[Petroleum residue 

Pulverized coal 

Charcoal— low tc 

Wood refuse — sh 
sa 

Bagasse — refuse i 
Antliracite culm- 

fBy. 

Coke Breeze < Pet 
L p 

Waste Materials 
from Grain 

imperature distillation of wood 

avings, trimmings, tan bark, 
wdust, etc. 
sugar cane 

-silt refuse of antliracite 
screening 

-product coke — screenings 
Toleum coke — 
etroleum residue 

'Com 

Barley 

Wheat 

Buckwheat 

Sorghum 

Liquid 

Petroleum 

Ga.soline 

Kerosene 

Alcohol 

Colloidal fuels 

r Residual oils 

Fuel oil ' Distillate oils 

[ Crude petroleum 

Naphtha 

Vegetable oils 

co„. 

[Benzol J 

Acid sludge— petroleum refining residue 

Pulp mill waste 

Gaseous 

Natural Gas 

Producer gas 

Water gas 

Carburettod water gas 
(roal gas 

Oil gas 

Reformed natural gas 

Butane**’ 

Propane**’ 

Acetylene 

Hydrogen 

Blast furnace gas— pig iron manufacture 

Coke oven gas**'’ — coke manufacture 

Oil refinery gas 

Sewage gas — sewage sludge 


^•’Liquefiable heavier constituents of natural gas. 

^‘’’Considered by-product of coke manufacture in steel industry but a manufactured fuel in the gas industry. Gas in- 
dustry produced 45 billion cubic feet of coke-oven gas and purchased 93 billion cubic feet (a total of 138 billion 
cubic feet) for sale in 1952, of a total national production of 923 billion cubic feet. (.Based on figures from “Gas 
Facts,” American Gas Association, 1952 Data; and “Mineral Industry Surveys,” U. S. Dept, of tlie Interior, Bureau 
of Mines, July 1953.) 


of coal equivalent, equal to aVjout one-third the annual 
production of coal. During 1950, marketed production of 
natural gas was e.stimated to have increased 16 per cent 
to 6,281 billion cubic feet (263,800,000 tons of coal equiv- 
alent), the largest annual increase in quantity and per- 
centage of the previous decade. Natural gas has replaced 
coal to a considerable extent for domestic and industrial 


heating due to the installation of very large pipe lines 
from producing to consuming centers, the rise in the 
price of solid fuel, the relative level in the price of 
natural gas over the intervening time, and its conven- 
ience, cleanliness, controllability and versatility as a fuel. 
The by-product gaseous fuels — coke-oven gas and blast- 
furnace gas — are major iron and steel industry fuels. 


SECTION 3 

PRINCIPLES OF COMBUSTION 


Fuels consist essentially of one, or a mixture of two 
or more, of four combustible constituents; (1) solid 
carbon, (2) hydrocarbons, (3) carbon monoxide, and 
(4) hydrogen. In addition to these combustible con- 
stituents, nearly all commercial fuels contain inert ma- 
terial, such as ash, nitrogen, carbon dioxide, and water. 
Bituaninous coal is an example of a fuel which contains 
all four of the combustible constituents named above, 
and coke is an example of a fuel containing only one 
(solid carbon). The constituents which make up liqtiid 


fuels and many coals are quite complex, but since these 
complex constituents decompose or volatilize into the 
four simpler constituents named above before actual 
combustion takes place, a knowledge of the combustion 
characteristics of these constituents is sufficient for 
nearly all practical applications. All of these four con- 
stituents of fuels except carbon are gases at the tempera- 
tures where combustion occurs. Combustion takes place 
by combining oxygen, a gas present in air, with the com- 
bustible constituents of a fuel. The complete combustion 
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of all fuels generates gases. It is apparent, therefore, that 
a ri 'uew of the properties, thermal values and chemical 
reactions of gases is necessary for an understanding of 
any class of fuel. 

Since fuels are used to develop heat, a knowledge of 
heat terms and the principles of heat flow are essential 
for the efficient utilization of this heat. The combustion 
of fuels involves, besides combustion reactions, the fac- 
tors and principles which influence speed of combustion, 
ignition temperature, flame luminosity, flame develop- 
ment, flame temperature and limits of flammability. The 
ensuing divisions of this section deal generally with 
these subjects. Sections 5, 6 and 7, respectively, deal 
specifically with the combustion of solid, liquid and 
gaseous fuels. 

Calorific Value of Fuels — Heat is measured under the 
English system in terms of British thermal units (Btu) ; 
under the metric system the corresponding unit is the 
caloric. A Btu is defined as 1/180 of the amount of heat 
required to raise the temperature of a pound of water 
from 32® F to 212* F, or the average amount of heat per 
1 ^ F in this range. A large calorie is 1/100 of tlie heat re- 
quired to raise the temperature of a kilogram of water 
from 0® C to 100® C or the average amount of heat per 
1® C. The large calorie is equal to 1000 .small calories and 
to 3.9683 Biu. The heat given up or absorbed by a body 
between two temperatures, providing no change of state 
or of allotropic form is involved, is known as sensible 
heat. The heat given up or absorbed by a body when a 
change of state takes place and no change of temperature 
is involved is known as latent heat. For example, a 
pound of water absorbs 180 Btu of sensible heat when 
being heated from 32® to 212® F, and absorbs 970.4 Btu 
of latent heat when one pound of water at 212® F is 
changed to steam at 212® F. Sensible heat and latent heat 
arc used frequently in combustion calculations, partic- 
ularly in problems dealing with flue-gas losses. Their 
significance is indicated in describing gross and net heat- 
ing value of fuels. 

The gross heating value of a fuel is the total heat de- 
veloped by the combustion of a fuel at constant pressure 
after the products of combustion are cooled back to the 


starting point, assuming that all of tlie water vapor pro- 
duced is condensed; that is, tlie gross heating value in- 
cludes both sensible and latent heat. The net heating 
value of a fuel is defined as the heat developed by the 
combustion of a fuel at constant pressure after tlie prod- 
ucts of combustion are cooled back to the starting point, 
assuming that all of the water vapor remains uncon- 
densed. Accordingly, the net heating value includes only 
sensible heat. The starting point usually is taken at either 
32® F or 60® F. A starting point of 60® F has been used in 
all the tables and figures in this chapter, as it is generally 
the base for combustion calculations in the steel industry. 

When a fuel contains neither hydrogen nor hydrocar- 
bons, no water vapor is produced by combustion and the 
gross and net heating value will be the same, as in the 
case of burning carbon or carbon monoxide. The heating 
value or calorific value of a fuel may be determined on 
a dry or wet basis. The determination may be made by 
laboratory tests employing calorimeters, or by calcula- 
tion. The process of determining tlic calorific value of 
solid and liquid fuels by a calorimeter consists in com- 
pletely oxidizing the fuel in a space enclosed by a metal 
jacket (called the bomb) so immersed that the heat 
evolved is absorbed by a weighed portion of water con- 
tained in an insulated vessel. From the rise in tempera- 
ture of the water, the heat liberated by one gram of the 
fuel is calculated. The best types of calorimeters for 
solid and liquid fuels are those called oxygen-bomb 
calorimeters in which the fuel is burned in the presence 
of compressed oxygen. Gas calorimeters are of different 
construction to permit volumetric measurement of the 
gas and its complete combustion under non-explosive 
conditions, as well as absorption of the heat produced in 
a water jacket. The Junkers-type continuous-flow calo- 
rimeter is a common type. The usual basis for reporting 
the calorific value of a gas is gross Btu per cubic foot of 
saturated gas measured at 60® F and 30 in. Hg. A satu- 
rated gas is one which contains tlie maximum amount of 
water vapor it can hold without any condensation of 
water taking place. 

The heating value of a given fuel can be obtained by 
multiplying the calorific value of each gas by its per- 


Table 3 — II. Essential Gas Combustion Constants^'^ 
(60® F and 30 In. Hg, Dry Gases) ♦ 


Ileal of Combustion 


Cu. Ft. per Cu. Ft. of Combustible 


Gas 

Formula 

Molec- 

ular 

Weight 

Specific 
Gravity 
Air = 1.0 

Btu 

per Cu. Ft. 

Btu per Lb. 

Required for 
Combustion 

Flue Products 

Gross 

Net 

Gross 

I Not 

O2 

N2 

Air 

CO2 

if 

1 


0 

12 01 




11,093 

14,093 

1 1 





llydrogem 

II* 

2.0JG 

0.00959 

325 0 

275.0 

61,100 

51;G23 

0.5 

1.882 

2.382 


1 .0 

1 1 882 

Oxygen 

0* 

32.000 

1 . 1053 











Nitrogen 

N, 

28 01 

0.9718 











Carbon Monoxide . 

CO 

28.000 

0.9672 

321.8 

321.8 

4,317 

4,347 

0.5 

1.882 

2.382: 

1 0 


1.882 

Carhnn T'^inYidft 

CO2 

41 . 01 

1 . 5282 



1 








Methane 

CII4 

16.011 

0.5543 

1013.2 

913.1 

23,879 

21,520 

2.0 

7.528 

9 528 

1 .0 

2.0 

7-528 

Ethane 

c,lh 

30.067 

1.04882 

1792 

1641 

22,320 

20,432 

3.5! 

13.175 

16 075 

2.0 

3.0 

13.175 

Ethylene 

C21L 

28.051 

0.9740 

1613.8 

1513.2 

21,614 

20,295 

3.0 

11.293 

14 293 

2 0 

2.0 

11.293 

Propylene 

C,H« 

42.077 

1.4501 

2336 

2186 

21,041 

19,691 

4.5 

10.939 

21.439 

3.0 

3.0 

10.939 

Acetylene 

C,1I, 

26.036 

0.9107 

1499 

1448 

21,500 

20,770 

2.5 

9.411 

11 911 

2.0 

1.0 

9.411 

Benzene 

CJ1« 

78.107 

2.6920 

3751 

3601 

18,210 

17,480 

7.5 

28 232 

35.732 

6.0 

3.0 

28 232 

Hydrogen Sulphide . 

HaS 

34.076 

1.1898 

647 

596 

7,100 

6,545 

1.5 

1 5.646 

7.140 

802 = 1.0 

1.0 

5.040 

Sulphur Dioxide 

SO, 

64.06 

2.264 


i 










®*From **Fuc1-F1u€ Gases” — American Gas Association — 420 Lexington Ave., New York. 
*For gases saturated with water at 60* F, 1.73% of the Btu value must be deducted. 
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centage of the total fuel volume, and then totaling the 
individual Btu values of the separate constituents. The 
heat of combustion for various dry elementary gases 
may be found in Table 3 — II. For instance, the gross heat- 
ing value of dry blast-furnace gas is 92.58 Btu per cu. ft. 
for the composition given below, calculated as follows: 




Gross 

Gross 



Uniting Value 

Heating 


Composition 

Btu p(!r CM. ft. 

Val ue 

( .(-niposition 

by Volume 

each 

of each 

of ( i.'lH 

(%) 

C'omponerit 

Fraction 

(Wh 

12.76 

0.0 

0 0 

CO 

25 6<J 

TJl 8 

82 67 

111 

a 05 

325 0 

0.91 


58 50 

0 0 

0 0 

Total 



f)2 58 


In the calculation of the heating value of gases satu- 
rated with water vapor, the volume of water vapor must 
be deducted from the unit volume of gas. For instance, 
a cubic foot of dry CO gas has a heating value of 321.8 
Btu, but when saturated with water vapor at 60° F and 
30 in. Hg, a cubic foot has a heating value of only 316.2 
Btu. The amount of water vapor present in saturated 
mixtures can be calculated from data in Table 3 — III, as 
discussed later under “Gas Laws.” 

Thermal Capacity, Heat Capacity and Specific Heat — 
The thermal capacity or heat capacity of a substance is 
expressed as the amount of heat required to raise the 
temperature of a unit weight of the suRstance one de- 
gree. The British system uses Btu per lb. per ^ F, while 
the metric system u.scs cal. per gni. per ° C. The specific 
heat of a substance is the ratio of the heat capacity of that 
substance to the heat capacity of water. Thus, specific 
heat is always a ratio, expressed as a number; for ex- 
ample, the specific heat of wrought iron is 0.115. There is 
no further designation, as this means that if it takes a 
certain number of Btu to heat a certain number of 
pounds of water a certain number of degrees F, it will 
take only 0.115 times as many Btu to heat the same num- 
ber of pounds of wrought iron the same number of de- 
grees F, and the same figure, 0.115, obviously applies if 
the metric system has been used. The amount of heal re- 
quired to raise the temperature of equal masses of dif- 
ferent substances to the same temperature level varies 
greatly; that is to say, the specific heat varies greatly; 
also the specific heat of the same substance varies at dif- 
ferent temperatures. Usually, it is necessary to know the 
amount of heat required to raise the temperature of a 
substance some appreciable amount. For that purpose, 
formulae and tables are usually accessible in handbooks 
for supplying the mean specific heat between various 
temperature levels. Two values of specific heat for gases 
are usually given: (1) specific heat at constant pressure, 
and (2) specific heal at constant volume. The difference 
is due to the heat equivalent of the work of expansion 
caused by an increase of volume resulting from a tem- 
perature rise. Normal combustion practice with gases in 
steel plants deals with a constant pressure condition 
(or nearly so), and for this reason specific heat at con- 
stant pressure is used. The mean specific heat is the 
a\'erage value of the specific heat between two tempera- 
ture levels. It is obtained by integrating the equations for 
instantaneous specific heat over the temperature limits 
desired, and dividing this quantity by the difference be- 
tween the temperature limits. 


Tabic 3 — ^UI. Water Vapor Pressure 


Temp. 

("F) 

Pressure 
(In. Hg) 

32 

0.1804 

35 

0.2034 

40 

0.2477 

45 

0.3002 

50 

0.3625 

55 

0.4357 

60 

0.522 

65 

0.622 

70 

0.739 

75 

0.873 

80 

1.029 

85 

1.209 

90 

1.417 

95 

1 .655 

100 

1 .929 

105 

2.236 

no 

2 589 

115 

2.995 

120 

3.446 

125 

3.954 

J30 

4.525 

135 

5.165 

140 

5.881 

145 

6.680 

150 

7.569 

155 

8.557 

160 

9.652 

165 

10 863 

170 

12.199 

175 

13.671 

180 

15 291 

185 

17 068 

190 

19.014 

195 

21.111 

200 

23.467 

205 

26.003 

210 

28.755 

212 

29.922 


The heat content is the heat contained at a specified 
temperature above some fixed temperature. It is calcu- 
lated by multiplying the weight of a substance by the 
mean specific heat times the temperature difference, or 
Ht r= weight X mean specific heat X (Tt — Ti) . For con- 
venience in calculations with gases, the unit weight of 
the volume of a cubic foot of gas is often used. 

Gas Laws — The volume of a gas varies in direct pro- 
portion to its absolute temperature and inversely as its 
absolute pressure (Charles* Law). Absolute temperature 
is the temperature above minus 459.6° F at 29.921 inches 
of mercury column in the English system, and the tem- 
perature above minus 273° C at 760 mm. of mercury in 
the metric system. In combustion calculations using the 
English system, 460° F and 30 in. Hg are assumed suffi- 
ciently accurate for all practical purposes. For instance, 
the volume of 40,000 cu. ft. of gas measured at 60° F and 
30 in. Hg, when heated to 1800° F and 30 in. Hg, is equal 
to: 

40,000 X = 174,000 cu. ft. 

460 + 60 

and the volume of 40,000 cu. ft. of fuel gas measured at 
60° F and 8 in. Hg gage pressure is equal to 31,579 cu. ft. 
at standard conditions (60° F and 30 in. Hg), calculated 
as follows: 
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40,000 X = 31»579 cu. ft. 

The total pressure of any gas mixture is equal to the 
sum of the pressures of each component. Each component 
produces a partial pressure proportional to its concentra- 
tion in the mixture. Therefore, in a mixture of water 
vapor and any other gas, each exerts a pressure propor- 
tional to its percentage by volume, and since water has a 
definite vapor pressure at various temperatures, as 
shown in Table 3 — III, the concentration of water vapor 
in a gas is limited. When this limit of water vapor is 
reached, the gas is said to be saturated. Any drop in 
temperature or increase in pressure from that point will 
cause condensation of the water vapor; for instance, the 
water vapor in 1000 cu. ft. of saturated fuel gas measured 
at 60** F and 30 in. Hg is calculated as follows: 

1000 X — ^ - 17.40 cu. ft. 
ou 

(0.522 is the partial pressure of water vapor in a satu- 
rated mixture at 60 ° F and 30 in. Hg — ^see Table 3 — III). 
The amount of water vapor which will condense at 
various temperatures may be ascertained by the use of 
Table 3— III. 

In many combustion calculations it is necessary to 
convert volumes to weights and vice versa. Such conver- 
sions may be made very conveniently by using the molar 
units, pound-mol. (abbreviated Ib.-mol.) or gram-mol. 
(abbreviated gm.-mol.) A Ib.-mol. (or gm.-mol.) is that 
quantity whose weight in pounds (or grams) is the same 
number as the number of the molecuUir weight. Thus, the 
molecular weight of oxygen is 32, so that a Ib.-mol. of 
oxygen is 32 lbs. of oxygen (or a gm.-mol. of oxygen is 
32 gm.of oxygen) . In the English system, a Ib.-mol. of any 
gas theoretically occupies 359 cu. ft. at 32“ F and 29.92 in. 
Hg; or at 60“ F and 30 in. Hg, the usual reference points 
for combustion problems in the steel industry, a Ib.-moi. 
occupies 378.4 cu. ft. (Avogadro’s Principle). Actually 
some gases deviate slightly from this figure, but for gases 
and air at pressures normally encountered in combustion 
practices, the ideal figure is entirely satisfactory. The 
simplicity of using tlie Ib.-mol. for weight or volume 
conversions is shown by the following example. The 
weight of a cubic foot of dry air is: 

0.21 (% vol. of Oa in air) X 

32 (molecular wt. of oxygen) = 6.72 

0.79 (% vol. of Na in air) X 

28 (molecular wt. of nitrogen) = 22.12 
Weight in lbs. of a Ib.-mol. of air = 28.84 


The numerical value of R in the above equation de- 
pends upon what units (English or metric) are used to 
measure P, V, N and T. Values of R for various com- 
binations of units for measuring tlie other quantities are 
as follows: 


T 

P 

V 

N 

R 

° F abs. 

lb. per sq. in. 

cu. ft. 

Ib.-mol. 

10.72 

“Fabs. 

inches of Hg 

cu. ft. 

Ib.-mol. 

21.85 

'Cabs. 

mm. of Hg 

liler.s 

gram -mol. 

62.37 

'Cabs. 

atmospheres 

liters 

gram-mol. 

0.08205 


The application of tlie foregoing formula is shown by 
the following example. Calculate the volume occupied by 
100 lbs. of natural gas having a compo.sita>n of 80 per cent 
CIL, 18 per cent CaH*}, and 2 per cent N - by volume at a 
gage pressure of 8 in. Hg and a temperature of 100“ F. 

P = 30 -f- 8 = 38 in. Hg absolute 


The weight in lbs. of a Ib.-mol. of the gas is: 


CIL = 0.80 X 16 = 12.8 
C = 0.18 X 30 == 5.4 
N, = 0.02 x 28=:: 0.56 
18.76 


N = 


100 


:5.33 


18.76 

T = 100 -f 460 = 560 


Substituting these values in the equation for a perfect 
gas (PV = NRT) : 


38 V = 5.33 X 21.85 X 560 
V = 1716 cu. ft. 


Combustion Calculations — The combustion of fuels is 
carried out by chemical reaction with air, and occasion- 
ally with air enriched with oxygen, or with pure oxygen. 
Dry air is a mixtiue of the following gas volumes under 
average conditions: 


N.= 78.03% 
Oa= 20.997o 
Argon = 0.94% 

CO. = 0.03% 

H, = 0.01% 

Total = 100.00% 


0.076 lbs. (wt. per cu. ft. of dry air 

at 60“ F and 30 in. Hg) 


In combustion calculations it is customary to include all 
elements in dry air (other than oxygen) witli the nitro- 
gen, as shown below: 


The volume of a pound of dry air at 60“ F aiid 30 in. 
Hg is: 


378.4 ^ 

— “7 = 13.1 cu. ft. 
28.84 


The relation of an ideal gas to its volume and pressure 
is expressed by the formula: 

PV = NRT 
where: 

R = gas constant 
P = absolute pressure 
V = volume 
N = number of mols. 

T = absolute temperature of gas 


% by Volume % by Weight 
Oxygen . 20.99 23.11 

Nitrogen 79.01 76.89 

Only the oxygen in the air reacts with a fuel in combus- 
tion processes. The nitrogen acts as a diluent which must 
be heated up by the heat of the reaction between the 
oxygen and the fuel. It, therefore, reduces the tempera- 
ture of the flame and reduces the velocity of combustion. 

Water vapor which is present in air also acts as a 
diluent. The amount of moisture present in air is gen- 
erally stated in terms of humidity. Air is capable of being 
saturated with water vapor the same as other gases as 
described under “Gas Laws.” Air which is saturated 
completely with water vapor has a humidity of 100 per 
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cent; if only 50 per cent saturated, it has a humidity of 
50 per cent (Tabic 3 — IV). 

The principal combustion reactions are; 

C 4- O. = CO. 

2CO + O, : 2CO, 

2H. 4- O. = 2H.O 

CH4 4- 20. : CO, 4- 2H.0 
2C Jle 4- 70, : 4CO, 4- 6H.0 
CMa 4- 30, = 2CO, 4- 2H.O 
2CJth 4- 90, : . 6CO, 4- 6H.0 
2C.H, 4* 50, : : 4COa 4“ 2H.O 
2C«H, 4- 150, : : 12CO, 4“ 6H.O 
2H,S 4- 30, : : 2S0, 4* 21L0 

The amount of oxygen required and consequently air, 
together with the amount of the resultant products of 
combustion, may be calculated by the use of molecular 
weights and the proper chemical equation. For instance, 
it will require (32 12) or 2.067 lbs. of O, to burn 1 lb. 

of C, and since dry air contains 23.11 per cent by weight 
of Oa, the weight of dry air required to bum one pound 
of carbon will be (2.667 0.2311) or 11.540 lbs. The 

product of combustion, CO,, will amount to [ (12 4- 
32) 12] = 3.667 lbs. 

Combustion calculations using gases are more con- 
veniently made in volumetric units. For instance, to burn 
a cubic foot of CO completely to CO, requires cu. ft. 
of O, in accordance with the molecular relationship in 
the equation. The drj^ air required would be (0.5 
0.209) or 2.382 cu. ft. For burning a cubic foot of methane, 
CHi, to CO, and H,0, the air required would be 
(2.0 0.209) or 9.528 cu. ft. 

Combustion calculations are necessary to determine 
tlie air requirements and the products of combustion for 
burning fuels of various compositions. The per cent of air 


used above theoretical requirements is called per cent 
excess air; the per cent below, the per cent deficiency of 
air. Typical combustion data on a dry basis for burning 
gaseous fuels of the compositions stated are shown in 
Table 3 — V- In making calculations to include the water 
vapor which may be present in a saturated or partially 
saturated gas and in air, the same general method may 
be used by adding water vapor to the fuel-gas composi- 
tion, and by adding the volume of water vapor which is 
introduced through air in the products of combustion 
column, headed H,0. 

In order to maintain combustion, a fuel must, after it 
has been ignited, be able to impart sufficient heat to its 
air-gas mixture so that it will not drop below ignition 
temperature, the minimum point of self -ignition. Too 
lean or too rich a mixture of a fuel with air is unable to 
support combustion. An upper and lower limit of flam- 
mability exists for all gases. The limits of flammability, 
as well as ignition temperatures, for a number of gases 
are shown in Table 3 — VI. 

In the design of burners or in the selection of fuel for 
a specific purpose, consideration of velocity of combus- 
tion is of major importance. Since gaseous fuels arc com- 
posed usually of a mixture of combustible gases, a 
knowledge of the relative combustion speed of each 
elementary gas will provide means for evaluating this 
factor in any gaseous mixture. The velocity of combus- 
tion, or rate of flame propagation, of a given fuel, is in- 
fluenced by three factors: (1) degree to which the air 
and gas are mixed, (2) temperature of the air-gas mix- 
ture, and (3) contact of the air-gas mixture with a hot 
surface (catalyst). By intimately mixing air and gas, 
combustion may be accelerated and a shorter, sharper 
flame developed. In the case of a gas containing large 
amounts of hydrogen, intimate mixing will provide a 
combustion reaction of explosive velocity relative to that 
of a gas containing large amounts of methane. Inert 


Table 3 — IV/” Properties of Air 


Temp. 

Volume 
of One 
Pound 
Cu. Ft. 

Weight 
of One 

Cu. Ft. 

Grains* of Water Vapor i)er Pound of 

Dry Air for Percentage liumiditioH of 

25% 

60% 

75% 

100% 

32 

12.36 

0.0809 

6.6 

J3.2 

19.9 

26.5 

40 

12.66 

0.0796 

9,1 

18.2 

27.3 

36.4 

45 

12 69 

0.0788 

U.O 

22.1 

33.2 

44 2 

50 

12 81 

0.0781 

13.4 

26.7 

40 1 

53.5 

55 

12 94 

0.0773 

16.1 

32.2 

48 3 

64.4 

60 

13 003 

0.07655 

19 3 

38.6 

58 0 

77 3 

65 

13.19 

0,0768 

23.1 

46.3 

69 5 

92.6 

70 

13 31 

0.0752 

27.6 

65 2 

82 9 

110.6 

75 

13 44 

0.0745 

32 8 

65 7 

98.0 

J3J 4 

80 

13.57 

0.0737 

38-9 

77.9 

116 9 

166 8 

86 

J3 69 

0.0730 

46.1 

92 2 

138.3 

184.4 

90 

13.82 

0.072-1 

54.4 

108 8 

163 2 

217.6 

95 

13.94 

0.0718 

64.1 

128.1 

192.2 

256.3 

100 

14.07 

0.0711 

76.3 

160.6 

226.0 

301.3 

105 

14.19 

0.0705 

88.6 

177. 

265. 

364. 

110 

14.32 

0.0699 

104. 

208. 

311. 

416. 

116 

14.44 

0.0693 

121. 

243. 

365. 

486. 

120 

14.67 

0.0686 

142. 

285. 

427. 

669. 

125 

14.70 

0.0680 

167. 

383. 

500. 

667. 

150 

15.32 

0.0663 

371. 

712. 

1113. 

1485. 

176 

16.95 

0.0627 

927. 

1851. 

2777. 

3703. 

200 

16.68 

0.0603 

4016. 

8033. 

12049. 

" 16065. 


From “Combustion’*— American Gas Association. * 7000 grains =r 1 lb. 
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Table 3— VL Limits of Flammability and Ignition Temperature 
for Simple Gases and Compounds* 


Si in pip CasoB 
and 

Compounds 

Limits of Flammability 

1 Ignition 

TempiTature 

' (°F) 

j 

Lower % by 
Volume 

Cias in Air 

Upper % by 
Volume 

Gaa in Air 

Hi 

•1 1 

7-1 

1076-1094 

(X) 

12 r> 

7-t 

1191-1216 

CII 4 

5.3 

14 0 

1200-1382 

C.dl« 

3.2 

12 5 

9G8-110G 

C 3 H* 

2A 

9 5 

905 approx. 

C,H4 

3 3 

34** 

1000-1020 

CsHc 

2 2 

10 


CJIh 

1 7 

9 


C 2 H, 

j 2 5 

SO 

70.3-824 

CJIn 

1 1 <1 

8 0 

13GI 

CM, 

! ^ 3 

6.75 

1490 


*From “Combustion”— American Gas Association. 
••Maximum reported in Bulletin 279, Bureau of Mines. 


gases, such as carbon dioxide and nitrogen, present in 
fuel gases or in a gas-air mixture, reduce combustion 
velocity. The proportion of nitrogen in a fuel gas-air 
mixture may be reduced by oxygen enrichment of air 
for combustion, and combustion speed may, by this 
means, be accelerated many fold. Such measures also 
will raise the flame temperature. The use of preheated 
air for combustion also accelerates combustion of gases. 
In order to burn large volumes of fuel in a small space, 
a mixture of air and gas is sometimes directed against a 
hot, incandescent surface. By increasing the velocity of 
combustion, higher temperatures are localized close to 
the burner point. This condition is desirable for some 
processes and highly undesirable for others. For instance, 
the scarfing process requires a highly intensive localized 
heat, while the heating of steel for rolling requires a 
soft, even distribution of heat over the full surface of the 
pieces being heated. In order to reduce combustion speed 
of a gaseous fuel, the air and gas streams may be 
stratified to produce slow mixing. Such a method creates 
a diffusion flame, a long flame of relatively uniform tem- 
perature. 

Theoretical flame temperature is the temperature 
which would be attained by the products of combustion 
if the combustion of a fuel took place instantaneously, 
and there were no loss of heat to the surroundings. Such 
a condition never exists, but theoretical flame tempera- 
ture represents another measure for comparing fuels. 
Fuels which develop a high flame temperature by com- 
bustion are more capable of producing a higher thermal 
efficiency in practice than those which develop low flame 
temperatures. The efficiency of heat utilization is the re- 
lation of the total heat absorbed by a substance to the 
heat supplied. Since the temperature level at which 
waste gases leave a furnace is usually fixed within a 
relatively narrow range, the higher the flame tempera- 
ture the higher the potentiality for heat absorption by 
the substance to be heated. The theoretical flame tem- 
perature of a fuel may be calculated by balancing the 
sum of the net heating value of a given quantity of fuel 
and the sensible heat of the air-gas mixture against the 
heat content of the products of combustion. Theoretical 


flame temperature so calculated should be corrected for 
dissociation of CO 2 and H.O at temperatures in excess of 
3000’' F. The theoretical flame temperatures for a num- 
ber of important gaseous fuels are given in Table 3— -XVI. 
The reader is referred to “Combustion” published by the 
American Gas Association for a full explanation of the 
calculation of theoretical flame temperatures and the 
dissociation of gases at elevated temperatures. 

There are a number of factors which determine the 
character, size and .shape of a gas flame. Gases burned 
at very high combustion velocity will produce very 
little or no luminosity regardless of the kind of gas. The 
velocity and volume with which the air-gas stream 
leaves a burner or furnace port, the fuel- air ratio, and 
the amoimt of non-combustible material in the fuel will 
influence the length and shape of a flame. The kind of 
gas to be burned has a very great effect upon the char- 
acter of the flame. Carbon monoxide and hydrogen bum 
with an invisible to a clear blue flame, while the hydro- 
carbon gases, methane, ethane, etc., are capable of de- 
veloping highly luminous flames. The principal reason 
that these gases burn with a luminous flame is due to the 
thermal breakdown of the hydrocarbons into carbon and 
hydrogen, and under combustion conditions which per- 
mit this, the carbon particles are heated to incandescence 
thereby giving the flame its luminous appearance. The 
luminosity of a flame may be decreased or increased by 
varying the supply of air. A deficiency of air below theo- 
retical requirements will increase luminosity and it also 
usually will lengthen the flame. An excess of air will de- 
crease luminosity and shorten the flame with most 
burners or furnace ports. Increasing the temperature of 
preheat of the air for combustion will reduce luminosity, 
as is also the case when water vapor (steam) , which may 
be introduced with the gas, air, or for atomization of 
liquid fuels, is increased. A luminous flame has a number 
of desirable qualities, the principal one being its greater 
ability to transfer heat by radiation from a fixed tem- 
perature level. However, it should be noted that a 
luminous flame is obtained usually at a lower tempera- 
ture level than when the same ^el is burned with a 
lower degree of luminosity. 
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SECTION 4 


HEAT FLOW 


Heat flow is caused by a diflerence in temperature, 
and heat is transmitted in three ways, namely, by con- 
duction, by convection, and by radiation. 

Conduction is the transmission of heat through a solid 
body without visible motion of the body, as through a 
steel bar. The amount of heat transferred through a 
homogeneous solid by conduction is expressed by the 
formula: 

Q=KAAt 

where Q = Btu transmitted per hour 

K = conductivity, in Btu per hour per sq. ft. per 
® F per inch of thickness 
A = area in sq. ft. 

A t = temperature difference in ® F 
L = length of heat transfer path in inches. 

The flow of heat through a non-homogeneous solid 
body by conduction is expressed by the formula: 


earth, and by which much of the heat of combustion of 
fuels is utilized in high-temperature processes in the 
steel industry. When radiant energy strikes any body a 
certain proportion of the total is reflected, while that 
absorbed is reconverted to heat energy. A perfectly 
black body is one that will not reflect radiations falling 
upon it but absorbs them all. The cociTicicnt of reflec- 
tivity of a body receiving radiation is equal to one min\is 
its black body coefficient. Emissivity refers to the rate at 
which a body radiates heat, and this rate depends upon 
the temperature of the body and the nature of its sur- 
face. KirchofTs Law shows that the absorptivity and 
emissivity of a given surface are numerically equal at 
the same temperature. The Stefan- Boltzmann Law 
states that the total energy of a black body is pro- 
portional to the fourth power of its absolute temperature. 
The net effect of heat transfer between two bodies is 
shown by the equation: 


Q = 


At 

In L, 
ICiAi K.aAs 


u 

K„A„ 


where: 

Li, La and Ln = the respective length of heat transfer 
path through the various resistances. 

Ki, Ka and Kn = tlie corresponding conductivity fac- 
tors of the various resistances ex- 
pressed in Btu per hr. per sq. ft. per 
® F per inch of thickness. 

Ax, Ai and An = the corresponding areas expressed in 
square feet. 

Convection — ^When heat is transmitted by the mechan- 
ical motion of gas or water currents in contact with a 
solid, or by gas currents in contact with a liquid, the 
transfer of heat is by convection. In the transfer of heat 
by convection, it is necessary to conduct heat through 
the relatively stationary film between the moving and 
stationary bodies. This film becomes thinner as the ve- 
locity of the cuiTents parallel to its surface increases. 
The transfer of heat by convection is expressed by the 
formula: 

Q = a« A A t 

where: 


Q = Btu transmitted per hour 
a. =: film coefficient (Btu per sq. ft, per ® F 
per hr.) dependent upon the velocity, 
specific gravity and viscosity of the 
moving fluid, and the conductivity of 
the film. 

A = area in sq. ft 
A t = temperature difference 


Radiation refers to the transmission of heat through 
space without the help or intervention of matter. This is 
the means by wliich the heat of the sun reaches the 


where: 

Q = Btu transmitted per hour 
0.174 == radiation factor for a perfect black body 
E = emissivity or “black body” factor 
A = sq. ft. of surface 

Ti = temperature of body giving off heat, in * F 
absolute 

Ts = temperature of body receiving heat, in * F 
absolute 

The emissivity factors for various materials at speci- 
fied temperatures are shown in Table 3 — VII. 


Table 3-VlI. Emissivity Factors (A perfect absorber 
or radiator ^1) 


Material E 


Polished aluminum at 445* F 0.039 

Polished aluminum at 1075’'F 0.056 

Polished brass at 570‘^F 0.031 

Polished nickel at 715* F 0.086 

Polished nickel plated steel at 72®F 0.052 

Bright tinned steel plate at 75*F 0.071 

Polished mild steel 0.288 

Cast iron — ^machined — at 72 *F 0.437 

Cast iron— liquid— at 2425 *F 0.282 

Cast iron — rough oxidized 0.97 

Mild steel— dull oxidized — from 79* to 672®F . . 0.96 

Firebrick glazed through use at 1830 “F 0.75 

Silica brick (rough) 0.81 


In the generation of heat from fuels, the character of 
the flame and its proximity to the receptor of heat is 
particularly significant in the transfer of heat by radia- 
tion. The amount of heat transferred from a flame varies 
widely and in proportion to its degree of luminosity. 
The transfer of heat by radiation varies inversely with 
the square of the distance between the transmitter and 
receptor of radiant energy. For that reason, flames 
should be kept close to the substance to be heated where 
high beat transfer rates are desirable. 
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SECTION 5 

SOLID FUELS AND THEIR UTILIZATION 


The solid fuels have played a significant role in the 
evolution of our modem, industrial civilization. Coal in 
particular l»;is been of far-reaching importance in that 
it has provided the prodigious amount of energy essen- 
tial to the development of the iron and steel industries. 
Vast quantities of this energy source remain to be ex- 
ploited but the rate of utilization far exceeds the rate at 
which coal is being formed. It follows that the efficient 
use of the remaining supply is desirable. Toward this 
end, modem coal research is directed. 

The earliest-formed coals thus far encountered occur 
in the Silurian strata of Bohemia. It is not until Lower 
Carboniferous time (see Table 3 — VIII), however, that 
tlie source materials of coal began to accumulate in 
significant quantities. Every continent, including Ant- 


arctica, contains some coal and no system of rocks 
younger than the Silurian is devoid of this important 
substance. In North America major concentrations of 
source materials were accumulated during the Carbonif- 
erous, Cretaceous and Tertijuy periods. A similar state- 
ment can be made for Europe but, in contrast, some of 
tlie most important Asiatic coals occur in Triassic and 
Jurassic rocks. 

Coal Resources— Tlie known coal deposits in the 
United States arc greater than those of any other coun- 
try. Based on U. S. Geological Survey estimates, the re- 
serves of all grades of coal were in excess of 2,500 billion 
net tons in 1950. This would be enough to supply re- 
quirements for a long period in the future if all present 
coal reserves were available economically and of ac- 


ERAS 


Ccnozoic 


Mesozoic 


Paleozoic 


Proterozoic 


Archeozoic 


Table 3— VIII. Geologic Time Divisions. 


PERIODS 


Quaternary 


Tertiary 


Cretaceous 


Jurassic 


Triassic 


Permian 


Pennsylvanian 
(Upper Carboniferous) 


Mississippian 
(Lower Carboniferous) 


Devonian 


Silurian 


Ordovician 


Cambrian 


Keweenawan 


Huronian 


Timiskamian 


Keewatin 


EPOCHS 


Recent 


Pleistocene 


Pliocene 


Miocene 


Oligocene 


Eocene 


MILLIONS 
OF YEARS 
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t quality. A cuii.si durable quantity of the reserves 

of better (quality coking coal have been utilized in the 
past and it is apparent that in the future it will be neces- 
sary to use coals requiring efficient extraction, cleaning, 
and other processing to assure proper utilization. 

For obvious reasons, the steel industry has been striv- 
ing to U.SC' coals which would produce metallurgical coke 
of optimum quality with a minimum of processing. Con- 
centrations of coals of this class are found chiefly in tlie 
Appalachian area, although isolated deposits also exist 
in some Central and Western states. The preponderance 
(»f total coal reserve in the United States is in the form 
of lower-rank coals in the Great Plains, the Rocky 
Mountains, the Pacific Coast states and the Gulf region 
(see f'lgure 3 — 1). The maimer in which this material 
can be used most effectively remains to be determined. 

Origin and Composition of Coal — Coal is known to be 
a complex mixture of plant substances which have been 
altered in varying degrees by physical and chemical 
processes. Ordinarily, plant material, upon death, fails 
to accumulate because micro-organisms induce com- 
plete decomposition. Under certain circumstances, nota- 
bly those associated with forested fresh-water swamps, 
the activities of bacteria and fungi are inhibited by 
antibiotic solutions which are common in tiiis type of 
environment. As a result the rate of accumulation ex- 
ceeds that of decomposition and dispersion. Under such 
conditions a brown fibrous deposit known as peat is 
formed. Peat is the first step in the formation of coal. 

Peat deposits formed millions of years ago subse- 
quently were submerged through vertical movements of 
the earth’s crust, in which position they became covered 
by deposits of sedimentary rocks. Later movements of 
the earth’s crust raised many of these deposits to various 
heights above sea level. In the meantime, the peat had 
been changed, through agencies of biological action, 
pressure, and heat, into coal. The better ranks of coal 
in this country were formed during the Carboniferous 
period, the gcologuc period when conditions were most 
favorable for plant accumulation and decomposition. In- 
cluded in the present deposits that originated in that 
period are the coal fields of the Appalachian and Central 
states. 

The rate at which peat forms depends upon the rapidity 
of plant growth and tlie manner in which tissue incre- 
ment is related to the rate of decomposition. It has been 


estimated that approximately one century is required 
to form a deposit of mature, compacted peat one foot 
in thickness. Certain studies of volatile matter relation- 
ships suggest that a three -foot- thick deposit of mature 
peat is required to produce a one-foot-thick layer of 
bituminous coal. These and other data indicate that a 
coal scam which is several feet thick may require a time 
span of thousands of years for its formation. If, in the 
course of time, the peat is subjected to the necessary 
conditions it becomes modified to brown coal and, when 
adequately consolidated, to lignite. From the lignitic 
stage, the material passes progressively through the 
sub-bituminous, bituminous, scml- anthracite and an- 
thracite stages with a gradual change in the composition 
of the individual components of the complex mass. The 
elementary compositions of coal shown in Table 3 — IX, 
illustrate the gradual concentration of carbon and loss 
of oxygen in the various stages of coal formation. 

Peat varies in appearance from a light, brown- colored, 
fibrous material to a very black and dense, muck-like 
sediment. Lignite is usually brown in color and com- 
monly shows a woody texture. It contains a large amount 
of moisture and usually disintegrates to a powdery mass 
as It dries on exposure to air. Sub-bituminous coal 
varies in color from very dark brown to black and frac- 
tures irregularly. Bituminous coal is black in color and 
usually exhibits a banded structure due to the alternate 
dull and vitreous layers of varying thickness. Coals of 
the high-volatile bituminous rank commonly burn with 
a smoky, yellow flame. Anthracite coal is black, hard and 
brittle and has a high luster. It ignites less easily than 
bituminous coal and burns with a short bluish-yellow 
flame producing little smoke. The characteristics of 
semi-anthracite coal are intermediate between those of 
bituminous coal and anthracite. 

All of the solid natural fuels contain both combustible 
and non -combustible materials. The combustible ma- 
terial is composed mainly of carbon, hydrogen and, to a 
lesser extent, sulphur. The non-combustible constitu- 
ents are water, nitrogen and oxygen, and a variety of 
mineral materials usually referred to as ash. 

The bituminous coals are of greatest interest in view 
of the fact that essentially all coking coals fall in this 
category. The lustrous black bands which are conspicu- 
ous in a lump of bituminous coal are generally referred 
to as vitrain although some American coal petrographers 


Table 3 — IX. Typical IClcinentary C^>ni positions of Raw Solid Fuels (Per Cent) 


Moisture 

Content , Elementary Composition 

(Sample Taken (Dry Basis) 

at Tipple) Carbon Hydrogen Oxygen Nitrogen Sulphur Ash 


Peat"* 91.0 58.0 5.7 35.0 1.2 

Lignite'** 40,0 65.6 4.5 20.2 1.1 1.0 7.6 

(North Dakota) 

Sub-Bituminous'“* ... 17.1 73.8 5.1 15.2 1.6 1.0 3.3 

(Wyoming) 

Bituminous'** 2.5 78,3 4.1 1.7 1.3 3.2 11.4 

(Low-volatile B) 

Anthracite"* 5.5"* 85.6 2.0 1.4 0.8 0.6 9.6 

(Northeastern Pa.) 


”Uohnson, A. J. and Auth, G. H., Fuels and Combustion Handbook. McGraw-Hill Book Co., Inc., 
New York (1951). 

'*>Aresco, S. J, and Haller, C. P., Analyses of Tipple and Delivered Samples of Coal. Bureau of 
Mines Report of Investigation 4972, October, 1953. 

"*Composition of peat reported on asli-, sulphur-, and moisture-free basis. 

"'Moisture content of anthracite coal reported as average of 4 to 7 per cent. 
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employ the term anthraxylon in preference. Following 
U. S. Bureau of Mines terminology, the anthraxylon is 
derived from woody plant tissues and is surrounded by 
a dull ground mass made up of translucent attritus, 
opaque attritus and fusain. The attrital portion is com- 
posed of finely comminuted fragments of altered plant 
materials. Fusain is a friable, charcoal -like substance 
derived from woody tissues and is a term used uni- 
versally without modification. 

In addition to the readily recognizable bands of vitrain 
and fusain, European and Asiatic coal investigators have 
found it useful to identify silky, minutely striated layers 
within a coal as clarain. Layers of dull, compact coal are 
called durain. Thus, coal seams can be thought of as be- 
ing composed, usually, of various mixtures of vitrain, 
fusain, clarain and durain, each occurring in the form of 
layers which are visually observable. Coals made up 
largely of vitrain and clarain are spoken of as bright coals 
whereas coals containing a high percentage of durain are 
called splint coals. Bright coals are generally better cok- 
ing coals than splint coals, vitrain apparently playing an 
important part in the carbonization process. Fusain will 
not coke, but in small percentages it may actually in- 
crease coke strength. If present in concentrations greater 
than 18 to 20 per cent it begins to exert a deleterious 
effect. The fixed carbon content is higher and the volatile 
matter content is lower in fusain than in the other 
“banded ingredients.” 

Microscopic study has shown the banded components 
to be composed of identifiable plant entities called 
phyterals, but of greater significance is the fact that the 
vitrain, fusain, clarain and durain are made up of 
numerous components or macerals which can be defined 
by their physical and chemical properties. Durain, for 
example, may include several macerals (vitrinite, semi- 
fusinite, micrinite, cutinite, etc.) which are easily dis- 
tinguished by their differing optical properties. It is 
probable that additional information regarding the na- 
ture and variability of these individual coal components 
will contribute materially to tlie effective and efficient 
utilization of all types of coal. 

Chemical Composition and Coal Classification — ^There 
are two methods commonly employed to determine the 
chemical composition of coal; namely ultimate analysis 
and proximate analysis. An ultimate analysis determines 
the quantities of carbon, hydrogen, oxygen, nitrogen, 
sulphur, chlorine and ash in dry coal; a proximate analy- 
sis determines the fixed carbon, volatile matter, mois- 
ture and ash contents and, usually, the sulphur content. 
The proximate analysis which also includes determina- 


tion of sulphur is used most commonly, since it fur- 
nishes most of the data required for normal commercial 
evaluations. 

In order to provide a measure of the distillation prod- 
ucts obtainable from coal used in coal-chemical and 
hydrogenation plants, another method of analysis called 
the lube distillation assay test (also called progressive 
distillation) is used. Table 3 — X compares the composi- 
tion of a bituminous coal as derived by the three meth- 
ods mentioned. 

Using data provided by chemical, physical or petro- 
graphic analyses, coals are classified according to grade, 
rank and type. The grade is determined by tlie amount, 
nature and fusibility of the ash and by the sulphur 
content. Classification according to rank is based upon 
the degree of metamorphism within the coal series from 
the level of lignite to that of anthracite coal. The Amer- 
ican Society for Testing Materials ranks coals accord- 
ing to their fixed-carbon content on a dry basis, and the 
lower rank coals according to Btu content on a moist 
basis. The classification of coals by rank adopted by 
the American Society for Testing Materials (A.S.T.M. 
Specification D388-38), is shown in Table 3— XI. 

In the United States, coals are also classified into 
types and such terms as bright, semi-splint, splint, can- 
ncl and boghead coal are applied. The data required are 
obtained from miscroscopic studies. The United Stales 
Bureau of Mines standards indicate that bright coal must 
have less than 20 per cent opaque matter, semi-sphnt 
must have between 20 and 30 per cent, and splint coal 
must be made up of more tlian 30 per cent of this in- 
gredient. Cannel and boghead coals are non-banded 
and are characterized by a small percentage of an- 
thraxylon (vitrain). Boghead possesses a high percent- 
age of volatile oils and gases, and contains an abundance 
of algal material. Cannel, or candle coal, is so named 
because it can be ignited with a match or a candle flame 
and it burns with unusual brilliance. Cannel coal is non- 
coking, often contains large quantities of spore and pol- 
len materials, and like boghead, has a high content of 
volatile oil and gas. 

Mining of Coal — Seams of coals vary in thickness 
throughout the world from a fraction of an inch to over 
250 feet. In this country the thickest seams are found in 
the sub-bituminous coals of the West, one of which ap- 
proaches 100 feet. In the East, the Mammoth bed in the 
anthracite fields of Pennsylvania attains a thickness of 
50 to 60 feet but is found to be quite variable when 
traced laterally. The Pittsburgh seam at the base of 
the Monongahela series in the Appalachian area is note- 


Tablc 3 — ^X. Comparison of Results of Common Methods for Analyzing a 
High-Volatile Bituminous Coal 


Proximate Analysis 
Dry Basis 
(%) 


Ash 7.16 

Fixed Carbon 

(bydiff.) 59.98 

Volatile Matter 32.86 

Total 100.00 

Total Sulphur, dry 1.02 

Phosphorus, dry 0.005 

Moisture 5.67 


Progressive Distillation 
Dry Basis 
(%) 


Coke”^ 70.36 

Tar 5.02 

Total NHa 0.32 

Water 4.76 

Volatile Sulphur 0.31 

Light Oil 0.35 

Gas 18.88 


Ultimate Analysis 
Dry Basis 
(%) 


Ash 

7.16 

C .. 

79.41 

H 

5.14 

N 

1.46 

0 

5.81 

s 

1.02 


^This comprises 63.20 per cent total carbonaceous residue containing a small amount (1.0 to 1.5 per cent) 
of non-volatilized volatile matter, and 7.16 per cent ash. 
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Table 3 — ^XI. Classification of Coals by Rank * * 


Legend: F.C.— Fixed Carbon. V.M.— Volatile Matter. Btu.—British thermal units 


Class 

Group 

Limits of Fixed Carbon or Btu. 
Mineral-Matter-Free Basis* 

Requisite Physical 
Properties 

I. Anthracitic 

1. Meta-anthracite 

Dry F.C., 98 per cent or more 
(Dry V.M., 2 per cent or less) 
Dry F.C., 92 per cent or more 
and less than 98 per cent (Dry 
V.M., 8 per cent or less and 
more than 2 per cent) 

Dry F.C., 86 per cent or more 
and less than 92 per cent (Dry 
V.M., 14 per cent or less and 
more than 8 per cent) 

Nonagglomerating^ 

2. Anthracite 

3. Semianthracite 


II. Bituminous^ 

1. Low volatile bituminous coal 

Dry F.C., 78 per cent or more 
and less than 86 per cent (Dry 
V.M., 22 per cent or less and 
more than 14 per cent) 

Dry F.Cm 69 per cent or more 
and less than 78 per cent (Dry 
V.M,, 31 per cent or less and 
more than 22 per cent) 

Dry F.C., less than 69 per cent 
(Dry V.M., more than 31 per 
cent) ; and moist*’ Btu., 14,000* 
or more 

Moist^ Btu., 13,000 or more and 
less than 14,000* 

Moist Btu., 11,000 or more and 
less than 13,000* 

Either agglomerating or 
nonweathering^ 

2. Medium volatile bituminous coal... 

3. High volatile A bituminous coal 

4. High volatile B bituminous coal. . . 

5. High volatile C bituminous coal 

III. Subbituminous 

1. Subbituminous A coal 

Moist Btu., 11,000 or more and 
less than 13,000* 

Moist Btu., 9.500 or more and 
less than 11,000* 

Moi.st Btu., 8300 or more and 
less than 9500* 

Both weathering and non- 
agglomerating 

12. Subbituminous B coal 

3. Subbituminous C coal 


IV. Lignitic 

1, Lignite 

Moist Btu., less than 8300 

Moist Btu., less than 8300 

Consolidated 

Unconsolidated 

2. Brown coal 



^This classification docs not include a few coals which have unusual physical and chemical properties and which come 
within the limits of fixed carbon or Btu. of the high-volatile bituminous and subbituminous ranks. All of these 
coals either contain less than 48 per cent dry, mineral-matter-free fixed carbon or have more than 15,500 moist, 
mineral -matter-free Btu. 

agglomerating, classify in low-volatile group of the bituminous class. 

Moist Btu. refers to coal containing its natural bed moisture but not including visible water on the surface of the 
coal. 

be noncaking varieties in each group of the bituminous class. 

• Coals having 69 per cent or more fixed carbon on the dry, mineral -matter-free basis shall be classified according to 
fixed carbon, regardless of Btu. 

There aie three varieties of coal in the high-volatile C bituminous coal group, namely, Variety 1, agglomerating and 
nonweathering; Variety 2, agglomerating and weathering; Variety 3, nonagglomerating and nonweathering. 


^•^Mineral matter was taken as 1.1 
culated as follows: 


Computation of Mincral-Matter-Free Analyse.s 

times the asli. The values for fixed carbon and Btu. as given in the charts were cal- 


Moist fixed carbon X mo - (moiSure + l.i’ Ash) " "»ineral-inatter-free fixed carbon 
Moist Btu. X = moist, mineral-mattcr-free Btu. 


Moist, as us^ m the formulas, refere to the coal containing its natural bed moisture but not Including visible 
moisture on the prface of the coal. For more accurate formulas that apply corrections for the sulphur in the 
coah reference sliould be made to those for fixed carbon and Btu. as given in A.S.T.M. Standards on Coal and 
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worthy because of its exceptionally uniform thickness 
(approximately 7 feet) over thousands of square miles. 
Figure 3 — 2 shows the western portion of Pennsylvania 
in such a manner as to make clear the areal extent as 
well as the sub-surface relations of the coal-bearing 
formations of this region. Data are provided as to thick- 
ness of seams and distance between coals. 

Coal seams may dip gently as shown in Figure 3 — ^2, 
or they may be horizontal, or they may exist almost 
vertical with respect to the Earth’s surface. Mining 
problems are often complicated by the fact that seams 
seldom remain in the same plane throughout their ex- 
tent. Under present conditions, a coal bed must be at 
least 30 inches to 36 inches thick to be profitable for min- 
ing. Figure 3 — 2 shows, also, that coal seams vary in 
their distance from the Earth’s surface. U. S. Geological 
Survey estimates of coal reserves do not include coal 
seams deeper than 3,000 feet from the surface, although 
in Great Britain and Europe coal seams at greater 
depth at present are being mined economically. 

The mining of coal is performed by either one of two 
methods: (1) Open work or stripping, also called con- 
tour mining, or (2) underground or closed work. Tlie 
first method involves removing the formation (over- 
burden) above the seam by stripping with scrapers, bull- 
dozers, or mechanically operated shovels, followed by 
removing the exposed coal. Stripping is applied to coal 
scams which are relatively close to the surface, par- 
ticularly to thick seams underlying overburden not 
over 75 feet deep, although the development of larger 
equipment and improved techniques in recent years has 
justified removal of thicker layers of overburden than 
this. Production by strip mining has increased greatly 
since World War I due to reduced labor and material 
costs and a quicker return on capital investment com- 
pared to underground mining. In the United States, 
strip-mining accounted for nearly 24 per cent of the 
coal produced in 1950 and 22 per cent in 1951. 

Underground mining is performed by either the room- 
and- pillar or the longwall method. The room -and -pillar 
method is in more common use in the United States, ac- 
counting for approximately 90 per cent of present under- 
ground mining. The longwall method is particularly 
adaptable to mining seams up to about 4V4 feet thick 
under conditions where the roof may be permitted to 
settle. It is used more extensively in the mines of the 
Middle West than in the East. There are a number of 
modifications applicable to each method. The room-and- 
pillar system consists e.sscntially of working out rooms, 
chambers, or breasts in the coal seam from passages (en- 
tries) driven from the mine entrance. Entrance to an 
underground mine is by drift, shaft or slope. The rooms 
vary in width from about 12 feet to 40 feet, and from 
150 feet to 300 feet in length, depending on such fac- 
tors as weight and character of the overlying and under- 
lying structure and thickness of seam. Pillars separating 
&e rooms vary in width from 6 feet to 100 feet, de- 
pending on conditions and mining practice. Those pillars 
are sometimes removed by retreat mining and the coal 
recovered. 

In the longwall method, a continuous mining face is 
maintained in the coal seam. After mining, the roof is 
permitted to settle, thirty or forty feet from the mine 
working face. Waste rock is used to support the roof 
for maintenance of haulage roadways, which include 
main roads running diagonally like the spokes of a 
wheel from a central shaft and auxiliary roads running 
through the intervening areas. 

Prior to the advent of mechanical mining, imdercut- 
ting of the coal seam preparatory to blasting was done 
manually. Production per man was low by this method 


and required a number of working faces in the mine to 
produce high mine tonnage. Hand loading of coal into 
mule -drawn cars was the prevailing practice for many 
years until development of machinery for both cutting 
and loading. Electric trolley -type locomotives capable of 
hauling longer underground trains of cars of increased 
capacity displaced mule-drawn trains as mine capacity 
increased. 

In a modem underground mine the coal is emptied 
from the mine car by a rotary dumper which may have 
a capacity of as many as 37 cars. From the dumper the 
coal is fed by way of a conveyor or elevator to a ship- 
ping station or cleaning phuit. 

Continuous Mining — The cutting machines and load- 
ing machines characteristic of mechanical mining are 
both single-purpose units, and each perfoims essentially 
a single fimction of mining at the working face. After 
either unit has completed its work it must be withdrawn 
from the face to allow other units of the production set- 
up to move up to the face to carry out succeeding func- 
tions. To keep all operating units working at full effi- 
ciency, it is necessary to have additional working places 
near at hand so that the single-purpose machines can 
enter the places in rotation and carry out their respec- 
tive functions without interference. 

To eliminate some of the difficulties attendant upon the 
addition of extra working places, multi-purpose ma- 
chines known as continuous miners have been developed 
and the operation carried out by such machines has 
been given the name continuous mining. Continuous 
miners combine in a single unit the actions of dis- 
lodging the coal from the solid seam and loading it into 
some unit of a transportation sy.stem. Such machines, 
therefore, combine in one operation the separate steps 
of cutting, drilling, blasting and loading common to 
modem mechanical mining methods. 

There are several types of continuous miners in opera- 
tion, one of which is the Konnerth mining machine. 
This machine is unique in that it employs electrically 
operated hammers to vibrate the coal at the working 
face so powerfully that it is shattered and falls to the 
floor to be picked up by the machine and loaded directly 
by conveyor into a shuttle car. The machine has two 
toothed-chain cutters which simultaneously make two 
horizontal cuts in the coal close to the floor. Two other 
cutters make vertical cuts in the coal to block out a 
section to be broken and loaded. After the section has 
been blocked out by the cutters, the two vibrating ham- 
mers of the machine, delivering 1800 blows per minute, 
are brought into contact with the face of the coal to 
break it. The cutter bits of the horizontal chain cutters 
pick up the shattered coal and move it continuously 
onto the conveyor of the machine. 

In certain types of coal, light charges of explosives may 
be used to partially break the blocked-out coal before 
tlie hammers of this type of machine arc brought into 
operation. 

Continuous miners of some other types employ 
toothed-chain cutters to rip the coal from the face, or 
auger-type cutters that bore into the face, the cut coal 
in both cases being carried by a conveyor on the ma- 
chine to a shuttle car or other means of transportation. 

Coal Preparation — Specifically, the objective of coal 
cleaning (often called washing) is removal of solid for- 
eign matter, such as rock and slate, from the coal prior 
to its use. Reduction of ash and sulphur contents; con- 
trol of ash fusibility; increase of heating (calorific) 
value; and improvement of coking properties of the coal 
can be achieved by this practice. From a coal-cleaning 
standpoint, the impurities in coal are of two types; 
namely, those which cannot be separated from the coal, 
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Fib. 3—2. (Left) Distribution of coal-bearing strata in Western Pennsylvania. (Right) Important coals of the northern portion of the Appalachian coal region. 
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usually called fixed impurities; and those which can be 
removed, herein referred to as free impurities or refuse. 
Altogether, these impurities are of eight types, named as 
follows; (1) residual inorganic matter of the coal- 
forming plants from which the coal was derived; (2) 
mineral matter washed or blown into the coal-forming 
mass during the periods of its formation; (3) pyrites 
(FeSa) formed by the reaction of iron sulphate with 
coal-forming matter; (4) sedimentary deposits during 
the coal-forming periods which appear as partings, 
sometimes called “bone,’^ that usually must be mined 
with the coal; (5) massive deposits formed through 
deposition on bedding planes; (6) saline deposits, some- 
what rare in coal beds of the United States; (7) slate, 
shale, clay, etc. from the underlying and overlying strata 
accidentally included in mining; and (8) water or 
moisture, which includes that naturally carried by the 
coal in air-dry condition, and excess moisture produc- 
ing a condition of wetness. Items (1), (2) and, for the 
most part, (3) form fixed ash, while (4), (5), (6), and 
(7) are partly free ash-forming materials that can be 
removed by hand-picking and suitable mechanical 
cleaning treatments. Item (8) involves drying operations 
differing from tliose required to separate mineral im- 
purities, which is the primary objective of cleaning. 
Mechanical cleaning is possible because of the difference 
in specific gravity between the free impurities and the 
coal, the density of the former being 1.7 to 4.9, while 
pure coal has a density of about 1.3. Sulphur is present 
as pyrites, organic compounds, and sulphates, and only 
part of the pyrites can be removed by cleaning. Phos- 
phorus is usually associated more with bony and im- 
pure coal than with derm coal and is, therefore, reduced 
by washing. Salts, particularly the alkali chlorides, 
lower the fusion point of the ash, affect coke-oven lin- 
ings and are troublesome in waste liquors from coking 
operations. 

The preparation of coal starts at the production face in 
the mine. If loading is done by hand, the miner is re- 
quired to discard all rock and slate over 3-in. size. If 
loading is done mechanically (according to the U. S. 
Bureau of Mines, about 75 per cent of the total bitumi- 
nous coal mined underground in the United States is 
being loaded entirely by mechanical means as this is 
written) no attempt is made to prepare the coal at the 
face other than to control the tonnage from various sec- 
tions of the mine if sulphur content of the coal is known 
to be high or variable. 

Since the cleaning problem becomes more difficult the 
finer the coal, modern practices in extraction and han- 
dling employ mining methods for production of the 
greatest quantity of coarse-size coal. 

The cleaning qualities of a particular coal are deter- 
mined by the float and sink test. This test consists in 
crushing coal to proper size and floating individual 
samples of it on liquids having densities of 1.30, 1.40, 1.50, 
1.60, etc., to determine the weight and character of the 
material that floats and sinks in each liquid. The pro- 
portion of coal, and the ash and sulphur content of the 
different fractions, provides reasonably complete data 
on the washability characteristics of a tested coal. 

There are two general types of coal cleaning processes: 
(1) gravity stratification, and (2) nongravity processes. 
Processes based upon the first type are generally used in 
this country; nongravity processes have been used ex- 
tensively in Europe. The processes for cleaning coal may 
be classified as follows: 

A. Gravity separation 
1. Wet processes 

a. Launder washers 


b. Jigs 

c. Rising- current classifiers 

d. Tables 

2. Dry processes 

a. Jigs 

b. Tables 

B. Float-and-sink methods 

1. Fine-solids and water flotation 

a. Sand 

b. Magnetite and other materials 

2. Fine-solids and air flotation 

C. Froth flotation 

A complete description of each of the foregoing proc- 
esses would be too lengthy for inclusion herein; hence 
only a brief review will be given of the principles of 
some of the more important types of processes in use at 
present. A reference list for further study of this subject 
is appended to this chapter. 

Jigs were probably the earliest type of machine used 
in the miner^ industry to separate materials of different 
densities. They consist essentially of a box with a 
perforated base into which the material is placed, and 
by alternate surges of water upward and downward 
through the perforations, materials of different specific 
gravities stratify. Materials having the highest specific 
gravities remain at the bottom while the lighter material 
rises. With proper mechanical facilities, a continuous 
separation is achieved. While jigs are not very efficient 
in cleaning a mixture of various sizes, they are capable 
of satisfying some market requirements, and capacities 
up to 500 tons per hour have been obtained. 

The operating principle of a launder involves hydrau- 
lic stratification or the alluviation of materials of dif- 
ferent gravity. The Rheolaveur launder consists of a 
downwardly inclined flume fitted with compartments 
spaced at intervals below the flume. Coal and flush 
water are fed at the high end, and the heavy-gravity 
material is withdrawn through the compartments. The 
water and coal having a top size not exceeding 6 inches 
are fed in at one end of the launder, the first section of 
which is steeply inclined to give the mixture a high 
initial velocity. This strong current causes the coal, 
middlings, and slate to stratify quickly, so that by the 
time the mixture reaches the flat section, the coal is 
carried forward while the refuse is definitely retarded. 
From this point the launder may again be steeply in- 
clined to deliver the flow to a second flat section, finally 
to make an exit through a chute to dewatering screens. 
Successively, the heavy-gravity final rejects, including 
heavy and light middlings are withdrawn from the 
launder, the last two products being recirculated after 
withdrawal for the purpose of improving the wa.shing 
efficiency. The end result is a refuse relatively free of 
recoverable coal and a coal relatively free of extraneous 
material. Where the coal has fallen into a middle-gravity 
classification due to its being laminated with slate or 
pyrites, it is drawn off, crushed, and freed of these im- 
purities and then rewashed for recovery of the coal. 
The Rheolaveur latmders are capable of cleaning coal 
of practically any size. Their capacity is variable de- 
pending upon the widtli of the launder and size of the 
coal to be cleaned. Coarse coal may be treated at rates 
ranging from 65 to 250 net tons an hour, and fine coal at 
rates as low as 20 net tons per hour. 

With practically all wet-washing systems the water 
is recirculated. When the water passes through the de- 
watering screens it contains a considerable amount of 
small-size coal solids which must be recovered for ef- 
ficiency reasons. Also, the circulating water must be 
clarified before it is returned to the cleaning unit. This 
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clarification is accomplished in varioiis ways, the most 
important being by the use of the Dorr-type thickener. 
Settling cones and settling tanks are also used for this 
piir 7 )Osc. Where the Dorr thickener and settling tanks are 
used, it is customary to draw off the settlings in the form 
of a slurry containing 40 per cent to 60 per cent of 
solids and to further separate the slurry in a vacuum- 
type filler. The filters deliver a product with approxi- 
mately 20 per cent moisture. 

Upward -current cleaners are somewhat similar to jigs 
except that a constant current of upward -flowing water 
cairies the coal particles to the discharge, while the 
fa 11 mg particles of refuse settle downward through the 
rising water stream and are removed at a lower level. 
They are used principally for cleaning anthracite coal 
and for cleaning a nearly uniform size coal in a single 
operation. They are capable of cleaning as much as 150 
Ions of the coarser sizes per hour. 

In dcnsc-mcdia classifiers, only a part of the power 
for separating coal and refuse is supplied by the upward 
flow of liquid, this separating power being supplemented 
by using a liquid medium which is heavier than water. 
The medium employed is a mixture of water and some 
finely divided solid material, such as sand, magnetite, 
or barite, which can be separated readily from the 
washed coal and reused. In the high-density suspension 
process, the upward flow is discarded entirely, the liquid 
medium consisting of a mixture which is just dense 
enough so that the coal floats in it, and the impurities 
sink. The size of coal has less significance in the 
efficiency of this process than of those previously de- 
scribed, and material ranging from 1/16 inch to 10 inch 
can be cleaned in one operation. However, difficulty is 
encountered in separating the solid material from coal 
of fine size. Capacities up to 600 tons per hour have been 
obtained with bituminous coal. The Chance method, 
which uses a mixture of sand and water, is the most 
widely used of the heavy -media classifiers in the United 
States. The Tromp and Barvoys processes, using mag- 
netite and barite respectively as the solid material in the 
mixture, are used extensively in Europe. In these proc- 
esses, tlie specific gravity of the mixture of solid ma- 
terial and water can be varied by changing their 
proportions to suit the optimum conditions in cleaning. 
Agitation in the separating cone is supplied by an up- 
ward current of water and by mechanical stirring. 

A number of high- density solutions, such as those 
made up of calcium chloride or halogenated hydro- 
carbons to give the desired specific gravity to the 
separating medium for cleaning coal, have been used, 
but to date their application has been limited to the 
coarser sizes of coal due to the expense of the solution 
and losses in recovery. 

Coal is often cleaned on tables similar to those used in 
ore dressing. Essentially these tables consist of a slightly 
inclined rectangular surface having a series of parallel 
grooves or cleats. The tables are mechanically agitated to 
permit stratification of the light and heavy material and 
to cause it to move with the lon^ axis of tlie table. A 
current of water is introduced at one side of the table 
to wash the coal which has settled above the refuse to 
the discharge edge of the table. The refuse which settles 
underneath the coal moves longitudinally down the table 
and is discharged at the end. Tables have been used 
principally for cleaning coal of the smaller sizes, from 
dust up to 1-inch. 

The disadvantages of water retention associated with 
wet cleaning have been eliminated by the pneumatic 
processes. These processes account for about 15 per 
cent of the coal washed in the United States. They are 
especially applicable to cleaning a relatively dry coal. 


Tables, similar to those described for wet washing, are 
used where the sizes are under ^A-inch, except that air 
currents, rising through a perforated table, are used as 
the stratification agent rather than water. Jigs and 
upward-flow processes are also employed. The Stump 
air-flow cleaner uses air rather than water for classifica- 
tion of material in equipment operating much the same 
as a jig. A mixture of sand with air, rather than water, 
to produce a heavy medium for separation is used in 
some upward-current types of classifiers. In some cases 
combination wet and dry plants are used to advantage. 
The restrictions imposed for safety reasons by the U. S. 
Bureau of Mines, requiring the use of water at under- 
ground mining faces to allay coal dust, and the fact that 
many coals treated need to be cleaned at specific gravi- 
ties lower than those obtainable by dry air processes, 
have retarded extensive development in the use of 
pneumatic methods. 

Froth flotation of coal involves agitating fine coal with 
a mixture of water and a relatively small quantity of 
some frothing agent. In this process, coal is buoyed to the 
surface by the froth and removed while refuse settles. 
Its application has been limited in this country. 

The advent of full -seam mechanical coal mining and 
the increasing need for metallurgical coke of low and 
uniform ash and sulphur contents has focused attention 
on the needs for the most efficient types of washers, and 
also facilities for blending high and low quality coals to 
obtain the best over-all long-term results. 

Carbonization of Coal — The most important use of coal 
in the steel industry is in the manufacture of coke, which 
is discussed in detail in Chapter 4. About one-sixth of 
the total bituminous coal mined in the United States is 
converted into coke, either in beehive or by-product 
coke ovens. Of the 72.7 million tons of coke produced in 
1950, 66.9 million was by-product and 5.8 million bee- 
hive. In 1950, there were 56 active by-product coke plants 
connected with iron furnaces out of a total of 85 plants, 
producing 55,987,350 net tons of coke, or 83.8 per cent 
of the total national by-product coke production. 

In recent years, on the average, metallurgical coke 
produced in by-product ovens has shown an increase in 
ash and sulphur content above that of former years. An 
increase in ash and sulphur content of coke affects pig- 
iron production and economies. The penalties for high 
and variable ash and sulphur contents in coke in blast- 
furnace operations are additional slag volume, increased 
coke consumption, decreased production, and difficulty 
of furnace control. In addition to the importance of 
chemical properties, tlie structural properties (i.e., re- 
sistance to shatter, size, crushing strength and bulk 
density) and possibly the reactivity or combustibility of 
coke are of paramount importance in coke quality. 

The carbonization of coal in by-product ovens entails 
the production of large amounts of coke-oven gas and 
tar, important fuels in the steel industry, as well as light 
oils and various coal chemicals. The yields of gas and tar 
are largely a matter of the kind of coal used and the 
temperatures employed in coke manufacture. 

Combustion of Solid Fuels — The principal combustion 
reactions of solid fuels have been given in Section 3 of 
this chapter, under “Principles of Combustion,” and this 
present discussion will deal with operating factors per- 
tinent to the combustion of solid fuels in steel plants. 

The combustion of coke in blast furnaces has been 
studied by a number of investigators, each of whom has 
found that combustion takes place in a relatively small 
space directly in front of each tuyere, as discussed in 
Chapter 12 on “The Manufacture of Pig Iron.” 

Coke breeze, produced by screening coke at both the 
coke plant and blast furnaces, is utilized as a fuel in 
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steel-plant boiler houses to generate steam. This fuel is 
burned on chain-grate stokers. Of importance in the 
combustion of coke breeze on chain-grate stokers is the 
maintenance of a relatively uniform fuel bed on the 
grate, 8 to 12 inches thick, to prevent blowholes, and a 
balanced or slight positive pressure in the furnace at 
fuel-bed level. The operation of the grate should permit 
the normal combustion of about 30 pounds of coke 
breeze per square foot of effective grate area per hour. 
Chain-grate stokers are particularly adaptable to solid 
fuels with an ash of low fusion point. The design of 
front and back arches must take into consideration the 
fuel to be burned on chain-grate stokers. The arches 
are utilized to reflect heat and thereby aid ignition on 
the fuel bed. 

Stokers for firing coal have generally been used in 
steel -plant boilers on units whose capacity is under 
100,000 pounds of steam per hour and for units u.sing 
exclusively a solid fuel. They are often used on boilers 
to provide flexibility for the adjustment of boiler output 
to the steam load in plants where there is an insufficient 
or fluctuating supply of gaseous by-product fuels. The 
advantage of stokers lies in their ability to control easily 
the rate of combustion of a solid fuel with efficient use 
of air. The combustion process on stoker-fired boilers 
consists essentially in first driving the volatile matter 
from a continuous supply of fuel, and then oxidizing the 
carbon in the residue on the stoker. The combustion of 
the coke-like residue on the grate produces CO 2 and 
CO. The CO and volatile matter are burned over the 
grate by secondary air admitted over the fuel bed. The 
temperature of the fuel bed is affeeted by the rate of 
firing and, at the top or hottest part of the bed, varies 
from about 2250'* F at low to 2750° F at high rates. The 
amount of primary air supplied determines the capacity 
of stoker-fired furnaces and the effective use of second- 
ary air determines the efficiency of combustion. In well 
operated and carefully sealed boilers, approximately 
20 to 30 per cent excess air will permit combustion of 
the gases within seven or eight feet above the gnate. 

Stokers are classified in general according to the 
travel of the fuel. In an overfired stoker the fuel is fed 
on top of the bed, and in an underfired or a retort stoker 
the fuel is fed at the bottom or side of the bed. A 
traveling-grate stoker carries the bed horizontally on the 
flat upper surface of a conveyor as in a chain-grate 
stoker. There are a number of modifications of these 
.stoker types. While the fuel bed of a stoker-fired boiler 
is relatively thin, usually from 4 to 12 inches, compared 
to a gas-producer bed, similar zones of reaction occur. 
In over-fired stokers the ash zone is immediately above 
the grate, followed by the oxidation, reduction and dis- 
tillation zones. In underfired or retort stokers the distil- 
lation of the volatile matter takes place in an oxidizing 
atmosphere and the volatile products pass through the 
incandescent residue from combustion rather than 
through green coal, as in the case of overfired stokers. 
The normal combustion rates on coal-fired stokers 
amounts to 30 to 60 pounds of coal per square foot of 
effective grate area per hour. 

Pulverized Coal — ^The cement industry was the first to 
use pulverized (“powdered”) coal extensively as a fuel. 
Public utilities and the steel industry began applying 
pulverized coal on an experimental basis as a boiler fuel 
about 1917, and by 1935 practically all large boilers 
(above 100,000 lbs. of steam per hour) in public-utility 
power stations used this fuel, except for those stations 
located in the vicinity of oil and natural-gas fields where 
local fuels were more competitive than coal. Large mod- 
em boiler installations in integrated steel plants gen- 
erally use pulverized coal, either as a standby or as an 


auxiliary fuel in conjunction with blast-furnace gas for 
steam or power generation. Although pulverized coal 
has been used as a fuel for metallurgical purposes in 
steel plants, such as in open-hearth, reheating, forge and 
annealing furnaces, applications have been limited gen- 
erally to periods of national fuel shortages, such as 
existed during the first and second World Wars, when 
the more desirable liquid or gaseous fuels were diverted 
to other uses and not available. 

Pulverized coal offers important combustion advan- 
tages over solid fuels and an economic advantage over 
gaseous and liquid fuels in most sections of the country. 
Fine particles of coal burned in suspension are capable 
of developing a highly luminous, high -temperature 
flame. Coal in this form may be burned normally with 
less excess of air above theoretical requirements than 
with a solid fuel, and the rate of heat release from the 
combustion of pulverized coal is greater than that ac- 
complished with the solid fuel. Coal, when pulverized to 
the degree common for boiler uses (70 per cent through 
a 200-mesh screen), has the control flexibility of 
gaseous and liquid fuels. Practically all ranks of coal, 
from anthracite to lignite, can be pulverized for combus- 
tion and each possesses specific combustion character- 
istics which largely influence the extent of pulver- 
ization. 

The ash-disposal problem has been one of the principal 
deterrents to a more extended use of pulverized coal. In 
the cement kiln, coal ash is no problem as it is absorbed 
t)y the cement in the kiln without adverse effect on the 
final product. In boilers, the principal difficulty of 
clogged boiler tubes and deterioration of furnace walls 
has been overcome by the use of slagging- type furnaces 
in which the a.sh in molten form is granul.ated by water 
jets at the bottom of the furnace well. The problem of 
ash contamination resulting from burning fine particles 
of coal in suspension above a metallic liquid bath or mass 
of hot steel, damage to refractories from the chemical or 
physical action of a.sh, and the clogging of furnace 
checkers or recuperators from ash accumulation, as well 
as the normal availability of other fuels, has prevented 
widespread use of the fuel for metallurgical purposes in 
steel plants. 

Pulverized coal for firing boilers is relatively more 
modern than stokers. This fuel is used generally on boiler 
units having a capacity in excess of 100,000 lbs. of steam 
per hour, or on practically any size of boiler using com- 
bination firing with oil or gas. Pulverized coal offers high 
boiler efficiency, and means for quick regulation of boiler 
load. The rank of coal pulverized and the extent of 
pulverization particularly determine the speed of com- 
bustion. A high-volatile coal will bum faster than an- 
thracite coal, also one with a lower ash content will bum 
faster. The process of combustion with pulverized coal 
is similar to that of lump coal but is of much higher 
velocity due to the introduction of tlie particle in sus- 
pension in a high-temperature chamber, and the greater 
surface exposure relative to weight. The release of 
volatile matter in pulverized coal is practically in- 
stantaneous when blown into the furnace, and the speed 
of combustion of the resulting carbonized particle and 
volatile gases depends upon the thoroughness with which 
the pulverized coal has been mixed with air. High com- 
bustion temperatures, low ash losses, and low excess air 
needs (10-20 per cent), with resultant high boiler ef- 
ficiencies (85 to 90 per cent with good practice), make 
pulverized coal an ideal boiler fuel. Air for combustion 
of pulverized fuel is generally preheated, with 10 to 50 
per cent of that required introduced ahead of the pul- 
verizer and the balance made up at a point near the 
burner. This method of incroducing the air helps dry 
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the coal and maintains a non-explosive mix in the 
pulvcrized-coal tninsmission system. The combustion- 
chamber size for pulverized coal is generally propor- 
tioned for a hc‘at-release range of from 20,000 to 100,000 
Bin per cu. ft. of combustion space per hour. The differ- 


ence in requirements is dependent upon whether pul- 
verized coal is the sole fuel to be used in the chamber, 
the size of the coal particles, the rank of coal to be pul- 
verized, the ash-slagging temperature of the coal, and 
the desired temperature for the combustion chamber. 


SECTION 6 

LIQUID FUELS AND THEIR UTILIZATION 


Lujuid fuels are essential to many parts of the Ameri- 
can transportation system. The movement of passengers 
.'ind freight by highway and air is dependent upon gaso- 
line, a product of petroleum. The railways of the coun- 
try are being equipped rapidly with Diesel locomotives 
powered by fuel oil. Nearly all ocean-going ships are 
driven by oil, as arc the majority of lake and river craft. 
Liquid fuels have also become of major importance as 
a source of heat and power in manufacturing plants. The 
peculiar advantages of petroleum as a source of energy 
and the available suioplies have brought about a phe- 
nomenal growth in the petroleum industry. In the period 
from 1918 to 1950 the consumption of all grades of oil 
in the United States rose from approximately 450 million 
to 2,400 million barrels. In 1951, the United States pro- 
duced somewhat more than 50 per cent of the world’s 
supply of crude petroleum. 

Fuel oil, tar, pitch and pitch-tar mix are the principal 
liquid fuels used in the steel industry. Table 3— XII 
shows the consumption of fuel oil, tar and pitch for the 
year 1952. 

The liquid fuels consumed annually amount to over 
4 million Btu per ton of steel ingots and castings pro- 
duced. The largest share of this fuel is consumed in melt- 
ing furnaces. Since melting furnaces require from 3 to 5 
million Btu per ton of ingots produced, the significance 
of liquid fuels in open-hearth practice is apparent. 

Tar and pitch are by-products of the manufacture of 
coke. The virgin tar as it comes from the ovens contains 
valuable tar-liquor oils which can be extracted and the 
residue pitch used ns a fuel. It is customary to mix 
virgin tar with this highly viscous residue to provide 
fluidity for facilitating handling and burning, or to utilize 
tar in which only the lighter products have been re- 
moved by a topping process by which suflicient fluidity 
is retained. Pitch-tar mixtures and topped tar make 
available for use as a fuel 78 to 83 per cent of the heat 
in the virgin tar recovered in the distillation process. 
The virgin tar produced in the United States for the 
years 1950 and 1951 amounted to 739,868,767 and 795,311,- 
282 gallons, respectively. Approximately 40 per cent of 
this (31,300,000 gallons) was used in the steel industry 
as a fuel in 1950. 

The reserves of crude petroleum in this country were 
estimated at over 25,000,000,000 barrels as of January 1, 
1951, and during the prior year (1950) the annual pro- 


duction wo.s nearly 1,950,000,000 barrels. Since 1939 there 
has been a downward trend in new discoveries, and un- 
less new national reserves are found in excess of con- 
sumption, it will be nece.ssary to obtain supplies from 
foreign countries. 

Origin, Composition and Distribution of Petroleum — • 

Classified according to their origins, three main types of 
rocks make up the outer crust of the earth: igneous, 
sedimentary and metamorphic rocks. Igneous rocks are 
formed from magma, a molten (liquid or pasty) rock 
material originating at high pressures and temperatures 
within the earth. Lava is magiria that reaches the surface 
in the liquid or pasty .state. Very commonly, the magma 
cools and solidifies Vjeforc reaehing the surface. In any 
ca.se, when the molten material cools sufHciently to be- 
come .solid, igneous rocks are the result. If cooling is 
.slow, the rocks will be crystalline (granite, for example) ; 
but if the cooling is rapid, the rocks will be not crystal- 
line but gla.s.sy in nature (obsidian, for example). Be- 
cause of the nature of their origin and their usually 
dense, non-porous structure.s, igneous rocks are never 
hosts to petroleum deposits. 

Sedimentary rocks are formed from eroded particles of 
rocks and soil, carried away by wind or water (and 
.sometime.s glacial action) and deposited in seas, lakes, 
valleys and deltas in relatively even, sometimes very 
thick, beds or strata (sandstones and shales are formed 
from deposits of this type) . Other types of stratified de- 
posits may be formed by evaporation of land-lockcd seas 
(beds of rock salt), by acciiin illation of the mineral re- 
mains of animals (composed chiefly of calcium car- 
bonate, which is the principal constituent of limestone), 
or by chemical precipitation (gypsum and some lime- 
stones originate in this manner) . The beds of sand, silt, 
clay, calcium carbonate or whatever eventually are 
covered by other .sedimentary deposits, sometimes to 
very great depths. With the passage of long periods of 
time, pressure of the overlying strata, heat, cementation 
by chemical means, earth movements, or a combination 
of these or other agencies, the strata are consolidated 
into sedimentary rocks, typified by the few mentioned 
parenthetically earlier. Petroleum occurs almost entirely 
in sedimentary rock formations, principally .sandstones 
and limestones, under certain ideal conditions to bo 
described later. 

Metamorphic rocks originally were sedimentary or 
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A, STRATIGRAPHIC TRAP.— In the stratigraphic trap, 
tlie producing formation gradually pinches out and dis- 
appears up the structure. An impervious layer is de- 
posited on top of the sand, thus forming a cap rock. The 
solid black section represents petroleum accumulated be- 
low the cap rock. 



B. ANTICLINES. — In an anticlinal structure, the rocks 
comprising the crust of the earth are folded upward. 
The oil and ga.s are usually found on the crest of an 
anticlinal structure. An impervious cap rock must be 
present to seal the reservoir and pi event the escape of 
the gas and oil into higher layers. This cap rock, in one 
form or another must be present in all reservoirs to 
contain the oil and gas within the structure. 



C. SALT DOMES.— The salt dome is believed to be the re- 
sult of the intrusion of large masses of salt into the .sedi- 
ments where they are found. This intrusion creates an 
upward pressure and results in the doming of the over- 
lying sedimentary rocks. In this type of structure, pe- 
troleum accumulates within the upturned porous beds 
about the summit and flanks of the salt core, as indi- 
cated by the solid black sections. 



D. FAULTS. — A fault is a structural closure caused by the 
fracturing of the crustal rocks during earth movements. 
In the process of folding, a reservoir for oil may be 
formed when a porous rock is brought into contact with 
an impervious layer, thus forming a trap. 


Fig. 3—3. Schematic representation of four geologic structures associated with the underground accumulation of petro- 
leum through natural agencies. From “Fundamentals of Petroleum/* NAVPERS 10883, Superintendent of Documents, 
U. S. Government Printing Office, Washington, D.C. 


igneous rocks. Their composition, constitution or struc- 
ture have been changed through the single or combined 
action of natural forces such as heat, pressure, or other 
agencies. Marble, for example, is metamorphosed lime- 
stone. 

The organic theory of the origin of petroleum, gen- 
erally accepted by geologists, is that petroleum has been 
derived from either animal or vegetable matter, or both, 
by a process of slow distillation, after its burial under 
beds of sediments. There is evidence to indicate that the 
animal and vegetable matter was of marme origin; such 
evidence includes the association of brines with oil, the 


visible oily coating on seaweeds found in certain local- 
ities, and the optical phenomenon of light polarization 
by oils similar to that of substances found in certain 
plants and animals and which is not shown by inorgan- 
ically synthesized petroleum. The accumulation of the 
matter from which petroleum has been derived, its burial 
by sedimentary material, and the action of pressure and 
heat to cause distillation, has resulted in petroleum for- 
mation in many parts of the world. Geological studies 
indicate that petroleum was not formed in the pools in 
which it is found, but that the action of water pressing 
against oil formations caused the petroleum to flow, over 





72 


THE MAKING, SHAPING AND TREATING OF STEEL 


a period of many years, through porous beds or strata 
to points of accumulation. Pools of oil occur in “traps’* 
in sedimentary rocks such as sandstone or limestone. 
These traps may be formed in various ways, a few of 
which are illustrated schematically in Figure 3 — 3. Es- 
sentially, such traps are formed by an impervious layer 
winch prevents upward migration of the petroleum to 
any further extent. The oil is obtained by drilling wells 
into these zones of accumulation. The well is encased 
in a steel pipe through which it is often customary to run 
a number of smaller pipes to bring the product to the 
surface. 

Crude petroleum is a liquid containing a complex mix- 
ture of solid, liquid and gaseous hydrocarbons. The solid 
hydrocarbons are in solution and the liquid is at least 
partly saturated with gases (methane, ethane, etc.). The 
elementary composition of American crude oils from 
1 epresentative fields covers the following ranges: 

Carbon 84 to 87 

Hydrogen 11.5 to 14 0 

Sulphur 0.05 to 1.75 

Nitrogen 0.10 to 1.70 

Ordinary crude petroleum is brownish -green to black 
in color with a specific gravity from about 0.810 to 0.985, 
and an ash content of 0.01 to 0.05 per cent. 

The principal constituents in crude oil are the pnrafTin 
CnHan^a), naphthene (C,.H.«„), and aromatic (C,dLn *) 
series of hydrocarbons, and asphaltic compounds. In 
parafTin-tiase crudes, such as found in Pennsylvania, the 
asphaltic content is low, only traces of sulphur and 
nitrogen arc found, and the specific gravity averages 
about 0.810. In mixed -base crudes which have a lower 
content of paraffins and a higher content of naphthenes 
than the paraffin -base crudes, the content of asphaltic 
compounds is higher, the sulphur content usually is 
under 0.4 per cent and the paraflin-wax content is gen- 
erally high. Mixed-base crudes occur in the mid- 
contment region. The naphthene-basc crudes contain a 
high percentage of naphthenes, very little paraffin wax, 
and have a relatively high specific gravity. They occur 
in the central, south-central and south-western areas 
of the United States. Light naphthene-base crudes con- 
tain a low proportion of a.sphalt, compared to reverse 
proportions in heavy naphthene-base crudes. The sul- 
phur content varies widely. The aromatic crude.s, which 
occur chiefly in California, generally have a high 
asphaltic- compound content, sulphur content varying 
from 0.1 to 4.13 per cent and a relatively high nitrogen 
content. The specific gravity is often fairly low and the 
presence of wax widespread, although some crudes of 
this class are free of wax. 

Crude oil is delivered to the refineries by rail, inland 
and intercoastal waterways, in specially constructed 
tanks, and by pipeline. In 1915 there were less than 
20,000 miles of crude-oil trunk lines, which had been 
expanded in 1950 to nearly G5,000 miles to handle more 
than 86 billion ton -miles of crude oil and nearly 14,000,- 
000 ton-miles of refined oil. 

Grades of Petroleum Used as Fuels — Fuel oils may 
be classified generally as: (1) raw or natural crude 
petroleums, (2) distillate fuel oils, (3) residual fuel oils, 
and (4) blended oils. The increasing demand for gasoline 
and other petroleum products makes it very undesirable 
that crude petroleum as obtained from the wells be used 
for fuel. Besides, gasoline in a fuel oil is dangerous on 
account of the increased danger of explosions its pres- 
ence entails. By the older methods of refining, the prod- 
ucts from many of the oil refineries west of the Missis- 
sippi River were gasoline, naphtha, kerosene and fuel 


oil, while eastern refineries usually carried the frac- 
tionation of oil much further, their output being such 
products as gasoline, benzene, naphtha, kerosene, light 
machine oil, automobile oils, cylinder oils, paraffin wax 
and tar, pitch, or coke. Recent improvements in thermal 
cracking at both high and low pressure and the use of 
caUdytic conversion processes have enabled refiners to 
convert more of the petroleum to gasoline and to produce 
lubricants from western petroleum relatively high in 
asphalt. 

Distillate fuel oils consist of the fractions distilled in- 
termediate between kerosene and lubricating oils. Re- 
sidual fuel oils are the viscous residual products remain- 
ing after the more volatile hydrocarbons have been 
driven off in the refining process. Blended oils are mix- 
tures of any or all of the other three classes of fuel oils. 

Properties and Specifications of Liquid Fuels — Before 
discussing the more important properties and specifica- 
tions of fuel oil, some of the common terms will be 
reviewed. 

Specific gravity is the ratio of the weight of a volume 
of a body to the weight of an equal volume of some 
standard substance. In the case of liquids, the standard 
is water. Baunic gravity is an arbitrary scale for meas- 
uring the density of a liquid, the unit being called 
“Baume degree.” Its relation to specific gravity is shown 
by the formula: 

140 

Be" = ' - - i., 130 (for liquids lighter than water) 

op. t-jr. 

For example, the Baume hydrometer will read 10" Be 
in pure water, when the specific gravity scale reads 1.000. 
The American Petroleum Institute (API) Gravity is a 
modification of the Baume scale for light liquids. API 
gravities are always reported at 60” F. The relation be- 
tween API gravity and specific gravity is: 

. 141.5 

"API = r - - —131.5 

Sp. Gr. 

The greater the degrees Baume or API, the lighter the 
fluid. There are about 90 API degrees between the 
heaviest and lightest oils which, therefore, makes this 
scale valuable for determining differences between the 
density of various oils. 

Flash point is the lowest temperature at which, imder 
definite specified conditions, a liquid fuel vaporizes 
rapidly enough to form above its surface an air and 
vapor mixture which gives a flash or slight explosion 
when ignited by a small flame. It is an indication of the 
ease of combustion or of the fire hazard in handling or 
using oil. 

Pour point is the lowest temperature at which oil will 
pour or flow when chilled without disturbance under 
specified conditions. 

Viscosity is the property of liquids that causes them to 
resist instantaneous change of shape or the arrangement 
of their parts due to internal friction. Since this property 
has a direct relation to resistance of flow in fuel-oil pipe 
systems and to atomization, it is an important specifica- 
tion. Absolute viscosity is a measure of internal fluid 
friction. It is expressed in tlie English system as pounds 
per second per foot and is the force which will move 
one square foot of a plane surface with a speed of one 
foot per second relative to another plane surface from 
which it is separated by a layer of the liquid one foot 
thick. The viscosity of a fluid relative to water at 68® F 
is the ratio of its absolute viscosity to that of water at 
68" F (both absolute viscosities must be in the same 
units) . This relation is called relative viscosity. The ab- 
solute viscosity of water at 68® F is 0.000672 lbs. per sec. 
per ft. or 0.0100 gms. per sec. per cm. which is equal to 
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Ultimate Analysis of Fuel (%) 


Fuel 

IT,0 

C 

H, 

N, 

(b 

S 

Ash 

i Undeter- 
mined 

Pitch-Tar (Dry) 


90.78 

5.35 

1 .39 

1 . ()5 

0 i\\ 

0 22 


Pitch-Tar (Natural Ha.sis). . . . 

1 33 

89.57 

5.28 

1.37 

1 (i3 

0 (iO 

0 22 


Bunker "C” Fuel Oil (Dry)*.. 


88.60 

10.50 

0 30 

0 00 

0.55 

0 05 

! . - 


Fuel 

Specific 

Gravity 

Wi'igtit 

(LbB./Gal.) 

Calorific Value , 

(Btu/Lb.) 

Dry Air He- 
qiiired for 
Combustion 
(Cii.Ft/Jd>.) 

4'h<*nr(‘l ical 
1' lallU' 

4Vm]). C’F) 

at 00°F. 

Gross 

Net 

Pitch-Tar (Dry) 

Pitch-Tar (Natural Basis) 

1 . 199 

9 9855 

16,155 

15,674 

158 13 


Bunker 'XT’ Fuel ()il 
(Dry)* 

0 9529 

7 935 

18,890 

17,820 

180 

asoo =1- 


♦Courtesy of Sun Oil Co.™ (Typical Analysis). 


0.0100 poises or 1.00 centipoise. The viscosity of all liquids 
decreases with increasing temperature and ASTM vis- 
cosity determinations are made at oil temperatures of 
100° F, 122° F, 130° F and 210° F, and are often expressed 
as Say bolt Universal at 100° F or Say bolt Furol at 122° F. 
The terms “Saybolt Universal” and “Saybolt Furol” 
represent the type of instrument used in making the vis- 
cosity determinations. Viscosity measurements made by 
either may be intcrconvertcd by the use of tables. 

Reid Vapor Pressure is a test for the vapor pressure of 
gasolines at 100° F. It shows the tendency of gasoline to 
generate vapor bubbles and is expressed in pounds per 
square inch absolute. 

Octane number is the anti-knock rating of gasoline. 
The rating is made by matching the fuel in a test engine 
with a mixture of normal heptane, which detonates very 
easily and has an octane rating of zero, and iso-octane, 
which has exceptionally high anti-knock characteristics 
and is rated at 100. A fuel knock that matches a mixture 
of say 60 per cent octane and 40 per cent heptane would 
have an octane rating or number of 60. Cetane number is 
used to show the ignition quality of Diesel oils. The rat- 
ing is based on a scale resembling those of octane num- 
bers by matching the ignition delay of the fuel against 
blonds of cetane, a fast-burning paraffin, and methyl 
naphthalene, a slow-burning aromatic material. 

The A.S.T.M. has developed a table for grading fuel 
oils, consisting of six grades. According to this classifica- 
tion, healing oils generally used for domestic and small 
industrial heating furnaces comprise Grades 1, 2 and 3. 
Grades 5 and 6 correspond to Bunker “B” and Bunker 
“C” fuel oils, re.spectively, which are used extensively in 
the steel industry. Bunker '‘B” fuel oil is usually 
cracking-still tiir and Grade 6, or Bunker “C” fuel oil, 
a straight-run or cracked residual, or a mixture of 
residual and cracking-still tar blended to reduce the 
viscosity to that required by the consumer. 

All grades of fuel oil are normally sold to meet specifi- 
cations mutually satisfactory to buyer and seller. A 
typical specification of Bunker ”C” fuel oil for use in 
open-hearth furnaces is as follows: 

Gravity— API (60° F) 13.0 to 16.0 

Flash point (closed cup) 150° F minimum 

Btu per gallon 150,000 minimum 

Sulphur 0.75 to 1.00 maximum 

Viscosity at 122° F 100 secs.SayboltFurol 

Water and sediment (% by vol.) . .1% maximum 

The yield of tar produced in by-product coke ovens by 


high-temperature distillation between 1832 and 2012° F 
(1000 to 1100° C) differs within very wide limits accord- 
ing to the kind of bituminous coal coked, and to the 
temperature, coking time, and design of oven employed 
in the process. Virgin tar as produced in the by-product 
ovens consists essentially of tar acids, neutral oils which 
are principally aromatic hydrocarbons, and a residue 
pitch. 

The residue pitch from the distillation of tar is highly 
viscous or brittle. Pitch contains a substantial percentage 
of free carbon and some high-boiling and complex 
organic chemicals. The properties of a typical pilch-tar 
mix and Bunker “C” fuel oil are shown in Table 3 — XIII. 

The viscosity of liquid fuels decreases with tempera- 
ture increase. The range of typical samples of virgin tar, 
pitch- tar mixtures and topped tar is as follows: 


Fuel 

Test 

Temp. 

(‘'F) 

Viscosity 
in Sec., 
Saybolt 
Universal 

Virgin Tar 

175 

ri89.4 max, 
73.3 mm. 
[109.4 avg. 

Pilch -Tar Mix 

175 1 

r 1940 max, 
181 min. 
[946T avg. 

Pitch-Tar Mix 

210 j 

f 687 max. 

97 min. 
[561.7 avg. 

Topped Tar 

200 1 

f 700 max. 

1 550 min. 

[ 600 avg. 


Combustion of Liquid Fuels — The combustion of 
liquid fuel usually is obtained by atomizing the fuel. 
Atomization breaks up the fuel into fine, mist-like glob- 
ules, thus permitting an increased area for intimate con- 
tact between the air supplied for combustion and the 
fuel. The chemistry of combustion of liquid fuels is com- 
plex. The small particles of fuel either vaporize to form 
gaseous hydrocarbons which burn to COa and HaO 
through a chain of reactions, or the fuel cracks to form 
carbon (soot) and hydrogen which also bum with com- 
plete combustion to COs and ILO. Both of these condi- 
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tions normally occur in the combustion of liquid fuels. 
The first coniiilion predominates with good atomization 
and [)roper mixing with suflicient air. A deficiency of air 
or poor aiomization will cause smoke. For large furnaces, 
such as o}x'r» hearths and heating furnaces, the atomizing 
agent is usually steam at a pressure anywhere between 
60 and IL’5 pounds per square inch gage. The steam con- 
sumed in atomization vanes from 0.3 to 0 7 pounds per 
ptanul of fuel. When liquid fuels are used in smaller 
fur r. aces, atomization usually is procured by compressed 
air or by mechanical action. The character of a liquid- 
fu(>l flame, that is, its shape, size and luminosity, may be 
altci ed with a fixed burner design by changing the de- 
gree of atomization which is controlled by the steam 
pro.ssure. Liquid fuels normally are burned in steel 
plants to produce a highly luminous flame at an intensity 
of flame propagation intermediate between that gen- 
erally secured with coke-oven gas and that with natural 
gas. 

Liquid fuels usually are preferred above all other fuels 
for use in open-hearth furnaces because they permit 
better control of flame direction and, because of their 
high calorific value, control of flame temperature and 
luminosity. 

The amount of air required to bum liquid fuels de- 
pends upon the chemical composition of the particular 
fuel. Bunker “C” fuel oil requires approximately 180 
cu. ft, of dry air per pound of oil for perfect combustion, 
and tar-pitch approximately 158 cu. ft. From the ultimate 
analysis of a liquid fuel, the theoretical air requirements 
and products of combustion may be calculated, as ex- 
plained in Section 3 under “Combustion Calculations.'* 
The composition and properties of tar-pitch are given in 
Table 3— XIII, shown earlier. 

Liquid -Fuel Burners — There are many different de- 
signs of burners for liquid fuels. Burners designed for 
atomization by steam or air may be classified into two 
general types, the inside mixing and the outside mixing. 
In the inside-mixing type the fuel and atomizing agent 
are mixed inside the burner or burner system, wliile in 


the outside-mixing type the two fluids meet immediately 
outside the burner tip. In open-hearth furnaces and large 
reheating furnaces the inside-mixing type is used. The 
inside- mixing type is sometimes classified as on emulsion 
type or a nozzle-mix type of burner. In the emulsion 
type the mixing is performed at a point several feet from 
the burner tip, while in the nozzle-mix type the two 
fluids meet inside the burner but very close to the burner 
tip. In the latter type, mixing probably takes place both 
inside the burner and as the stream enters the furnace. 

Liquid-fuel burners used in open-hearth furnaces are 
water cooled due to port end design; those in reheating, 
forge and annealing furnaces seldom require water 
cooling. 

The handling of liquid fuels at consuming plants re- 
quires a system for their transportation, storage and con- 
ditioning. Where liquid fuels are received by tank car, 
a system of receiving basins, unloading pumps, strainers 
and storage tanks generally is required. The storage 
tanks must be of ample size to meet fuel demands be- 
tween deliveries and should be provided with heaters to 
maintain proper fluidity for flow through pipe lines to 
the system pressure pumps. Pre.ssure pumps are used to 
deliver the liquid fuel through a pipe system to the point 
of consumption. Where there are a number of consuming 
units being served from a common fuel-storage system, 
the pipe feeder line is designed in the form of a loop 
through which the fuel flows at constant pressure and 
temperature. The various units lap into this loop. The 
fuel -oil lines are lagged and provided with tracer steam 
lines to maintain uniform fluidity throughout the sys- 
tem and to provide fuel at the burners at the proper 
viscosity for atomization. The temperature at which 
liquid fuel is delivered to the burners varies with the 
character of the fuel and burner design. Where pitch is 
u.sed, a temperature as high as 300'' F in the lines is 
sometimes required. A temperature level usually some- 
where between 200° F and 250° F is maintained for 
pitch-tar mixtures, and 150° F to 200° F for Bunker “C” 
fuel oil. 


SECTION 7 

GASEOUS FUELS AND THEIR UTILIZATION 


The availability of natural gas in so many sections of 
this country has had a profound influence upon our in- 
dustrial progress and comfort. It was first used as an 
illuminating gas at Fredonia, New York, in 1824. The dis- 
covery of new fields and the installation of pipe lines to 
consuming centers led to increasing demands, as the 
convenience, cleanliness, and general utility of this form 
of fuel became better known. The initial use of natural 
gas for steel manufacture was at a rolling mill plant at 
Leechburg, Pa., in 1874. A well in this area permitted 
exclusive use of natural gas for puddling, heating, and 
steam generation for a period of six months. Since 1932 
there has been an accelerated demand for natural gas. 

In 1950, for example, 6.281 billion cubic feet of natural 
gas were produced. To meet this demand, the gas indus- 
try had installed some 265,000 miles of natural-gas pipe 
lines by the close of 1950. 

Producer gas was the first gaseous fuel successfully 
utilized by the iron and steel industry. This gas permitted 
the early experimentation in regeneration, and the utili- 
zation of this principle started a new era of steel manu- 
facturing. The advantages of preheated gas and air were 
so clearly indicated in 1861 that producer gas rapidly be- 
came the major fuel utilized by open-hearth furnaces 


and maintained its position for almost sixty years, or 
until about 1920, when by-product coke plants, supply- 
ing coke-oven gas and tar, began to challenge this lead- 
ership. 

Blast-furnace gas utilization by the iron and steel in- 
dustry probably should rank first historically, although 
its adoption by tlie industry was slower than in the case 
of producer gas. The sensible heat in the blast-furnace 
top gases was first utilized in 1832 to transfer heat to the 
cold blast. Originally, this heat exchanger was mounted 
on the furnace lop. In 1845, the first attempts were made 
to make use of its heat of combustion, but history indi- 
cates that the burning of blast-furnace gas was not suc- 
cessful until 1857. It is probable that progress in the 
utilization of blast-furnace gas was delayed by its dust 
content, the problems of cleaning and handling, and the 
low cost of solid fuel. Increasing cost of other fuels and 
competition forced its use, and by the turn of this cen- 
tury, blast-furnace gas had become one of the major 
fuels of the iron and steel industry. In 1951, the blast- 
furnace gas produced and consumed amounted to nearly 
28 million tons of coal equivalent. 

The initial use of by-product coke-oven gas in the iron 
and steel industry was at the Cambria Steel Company, 
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Johnstown, Pa., in 1894. This installation was followed 
by only a few by-product coke-plant additions until a 
shortage of transportation facilities and the rising price 
of coal and natural gas during the first World War ac- 
celerated installations throughout the steel industry. The 
utilization of coke-oven gas has been very profitable as 
it reduced the purchase of outside fuels. It is estimated 
that plants operating steel -making furnaces used 371,- 
476,712,000 cubic feet of coke-oven gas as fuel in 1950. 

Natural Gas — Natural gas and petroleum are related 
closely in their chemical composition and in geographical 
distribution. Both are made up predominately of hydro- 
carbons. Petroleum rarely is free of natural gas, and the 
same fields usually produce both fuels. When natural gas 
exists indigenous to an oil stratum and its production is 
incidental to that of oil, it is called casinghead gas. Gas 
found in a field is usually under pressure which dimin- 
ishes with extended use or, sometimes, from the presence 
of too many other wells. The life of a well varies from a 
few months to twenty years. The depth of wells varies 
from 250 to 4000 or more feet. Rocks bearing gas are 
sandstones, limestones, conglomerates, and shales — 
never igneous rocks. Natural gas is derived from the re- 
mains of marine animal and plant life — in theory, the 
.'same as described previously for petroleum. 

Natural gas as found is usually of singular purity and 
is composed principally of the lower gaseous hydrocar- 
bons of the paraffin series, methane and ethane, some of 
the heavier liquefiable hydrocarbons (which are re- 
covered as casinghead gasoline or sold in bottled form as 
butane, propane, pentane, etc.) and a small amount of 
nitrogen or carbon dioxide. Some natural gases contain 
small quantities of helium. Occasionally, wells are found 
in which the gas contains hydrogen sulphide and organic 
sulphur vapors. Sour gas is defined as a natural gas 
which contains in excess of IM* grains of hydrogen sul- 
phide or 30 grains of total sulphur per 100 cu. ft. It is 
fortunate, however, that by far the greater part of 
natural gas available in tliis country is practically 
sulphur-free. 

There are a number of great gas fields in this country; 
viz,, the Appalachian, the Lima-Indiana, Illinois, Mid- 
Continent, Gulf, and California. Due to the increasing 
customer demand, exhaustion of wells, and the inability 
of tlie older local fields to adequately meet the demand, 
a number of the fields have been linked by pipe lines. 
Gas from the extensive Texas oil fields, which previously 


had been allowed to escape on account of lack of pipe 
lines to carry the excess to more distant consuming cen- 
ters, now is being utilized. 

The principal constituent of natural gas is methane, 
CH 4 . Since natural gas contains from 60 to 100 per cent 
of CH 4 by volume, the characteristics of methane gas, 
which were .shown in Section 3, largely dominate the 
parent gas. Comparing methane with the other principal 
combustible gases, it will be noted that it has a low rate 
of flame propagation, a high ignition temperature, and a 
narrow explosive range. Methane, as well as all other 
hydrocarbons (of which it is the lowest member), burns 
with a luminous flame. 

Typical compositions of natural gas are presented in 
Table 3~-XIV. 

Tlie iron and steel industry consumed 208,989 million 
cubic feet of natural gas in 1952, 206,797 million cubic 
feet in 1951, and 203,852 million cubic feet in 1950. 

Manufactured Gases — The four most important manu- 
factured gases are producer gas, water gas, oil gas, 
and so-called bottled gases. All are used domestically 
and industrially. 

Producer gas may be made from coke, anthracite coal, 
or bituminous coal. When made from bituminous coal, 
the raw, uncleaned gas contains tarry deposits which 
render it unsuitable for pipe-line transmission. Hot, raw 
producer gas has wide successful application in indus- 
trial plants, principally those of the steel, ceramic, and 
glass industries, but is never used for domestic service. 
Cleaned, cooled and washed producer gas is produced by 
public utilities for both domestic and industrial use. 

Water gas is made usually from coke or anthracite 
coal. It is relatively clean compared to producer gas and 
is used much more extensively for domestic purposes. 
It has gained great importance in the chemical industry 
in the past decade as a base for the production of syn- 
thetic organic chemicals. Water gas is often called blue 
gas and when cnrichoi with cracked fuel oil it is called 
carburet ted water gas. 

Oil gas is a combination of cracked petroleum and 
water gas made by passing oil and steam through hot 
refractory checker work. Oil gas is commercially im- 
portant in localities where coal or coke is expensive and 
oil cheap. 

Bottled gases are liquefied petroleum gases. They have 
become commercially important because of the con- 
centration of fuel energy in liquid form which may be 


Table 3 — ^XIV. Typical Composition of Natural Gas in Various Districts 


Constituents 

Diatriots 

Birmingham 

Pittsburgh 

So. California 

Los Angol(*a 

Kansas ('Jity 

COa 



0.7 

6 5 

0 8 

O 2 



Na 

5.0 

0.8 

0.5 


S 4 

CO 


H, 

CII 4 

90.0 

83.4 

84.0 

77 . 5 

S4 1 

CaH. 

5.0 

15.8 

14.8 

10 0 

0.7 


Total 

100.0 




100 0 


Specific Gravity 

0.60 

0.61 

0.6-1 

0.70 

0.63 

Gross Heating Value — 
Btu/cu. ft 

1002 

1129 

1116 

1073 

974 

Net Heating Value — 
Btu/cu. ft 

904 

1021 


971 

879 
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converted easily into a gas. They arc distributed for 
household use in steel cylinders called “bottles” and in 
tank cars or trucks for industrial purposes. They are 
sometimes sold under various trade names but are com- 
posed mainly of butane, propane, and pentane. A steel 
cylinder of propane as sold for domestic purposes con- 
tains approximately 21,640 Btu per pound of liquid gas. 

Manufacture of I^oducer Gas — Producer gas is manu- 
factured by blowing an msufficient supply of air for com- 
plete combustion, with or without the admixture of 
steam, through a thick, hot, solid-fuel bed. A large pro- 
portion of the original heating value of the solid fuel is 
lecovered in the potential heat of carbon monoxide, 
hydrogen, tarry vapors, and some hydrocarbons, and in 
the sensible heat of the composite gas which also con- 
tains carbon dioxide and nitrogen. When the gas is 
cleaned, the sensible heat of the gases and the potential 
heat of the tar vapors is lost. Originally, gas producers 
were blown only with air, and the gas produced had a 
heating value of only about 110 Btu per cu. ft. There 
was trouble with excessive clinker formation due to the 
exothermic reaction between the oxygen in the air and 
tlie carbon in the coal, and a large sensible-heat loss 
occurred in cleaning. 

The basic reactions in an air-blown producer are: 

C 4> Oa = CO* (exothermic) 

2C -f Oa = 2CO (exothermic) 

C 4“ COa = 2CO (endothermic) 

Theoretically, air-blown producers may have 70 per 
cent gasification efficiency if all the carbon is converted 
to carbon monoxide (CO). The other 30 per cent is lost 
when the hot gases are cooled. If all the carbon is con- 
verted to CO, the gas would have a heating value of 112 
Btu per cu. ft. The introduction of steam with the air, 
now the general practice, permits generating a gas of 
higher Btu value (130 to 190) , reduces the temperature 
of the hot zones in the producer on account of the en- 
dothermic reaction between steam and hot carbon, and 
reduces the temperature of the gases leaving the pro- 
ducer. 

The thickness and temperature of the zones, the veloc- 
ity at which the gases move through them, the relation 
of the volume and ratio of the air and steam in the blast 
to the coal consumed, gas channeling, and the character 
of the coal, determine the gas composition and the 
optimum producer efficiency. 

Two typical modem gas producers are shown in 
Figures 3 — 4 and 3 — 5. Figure 3 — 4 is a cross section of a 
modem Morgan Construction Company gas producer. 
The coal feed is regulated by temperature of the outlet 
gas or by a combination of the temperature reading and 
the rate of flow of air to the producer, which is metered 
for that purpose. Temperature of air blast is controlled 
automatically to maintain a constant weight of steam and 
air ratio entering the producer in order to maintain 
uniform firing conditions. 

Figure 3 — 5 is a cross section of a modem Wellman 
mechanical gas producer equipped with bell-type feed. 
The producer is designed for application of modem con- 
trols for quantity and temperature of gas delivery. An 
important feature is its mechanically driven, oscillating 
poker. Air is delivered to the producer by a steam- 
driven turbo blower. 

As shown by Figures 3 — 4 and 3—5, producers are con- 
structed of steel plates and castings, the parts exposed 
to high temperatures being lined with refractories or 
water-cooled. They are made in different sizes and 
dimensions are varied accordingly. Each producer con- 
sists essentially of two separate parts, a combustion 
chamber and ash pan which are moimted upon rollers 



Fig. 3 — 4. Cross-section of a modem Morgan 
Construction Company gas producer. 

so as to move at a speed of about 1/10 r.pjn., and a top 
which is stationary and held in place by steel supports. 
The body portion is lined with best quality firebrick and 
is constructed to provide water seals at both top and 
bottom, the top seal to prevent escape of gas and the 
bottom seal to provide a means of removing the ash 
formed. Removal of the ash is accomplished by con- 
structing the bottom parts so as to deflect the ash toward 
the outer periphery of the pan and by providing a scoop 
or plow to lift the ash out of the pan at certain intervals 
as required. The top of the machine is water-cooled and 
contains the openings for the introduction of the fuel, the 
gas outlet, two or more observation holes, and an open- 
ing for the insertion of a poker or a fuel leveler. Some 
means of keeping the fuel bed at a uniform depth and of 
distributing or leveling the raw coal is essential, but de- 



Fig. 3—5. Cross-section of a modem Wellman 
mechanical gas producer with bell-type 
feed. 
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sign d lifers as to the method, some using agitation with 
a poker and others merely a leveler that leaves the fuel 
bed undisturbed. An essential part of the producer is the 
blower which is built into the bottom. It serves as a 
means for introducing the air and steam required for the 
partial combustion of the fuel and for distributing these 
so as to obtain uniform combustion over the entire bot- 
tom of the fuel bed. There are two types of blowers; 
the steam-jet or injector type, and the turbo blower. In 
the former, steam is the only propelling agent, while in 
the latter, a small steam turbine is directly connected 
to a blower which forces the air and exhaust steam from 
the turbine into the producer. The steam-jet type is the 
cheapest to operate, but formerly it gave poor control 
because of condensation. Improvements in jets have 
overcome many of their drawbacks. Supplementary 
equipment required for efficient operation of the machine 
include: (1) a boiler to supply steam; (2) electric motors 
to rotate the machine, operate the fuel feed, and the 
poker, if the machine is so equipped; (3) a bin located 
directly above the producer for the storage of the fuel; 
and (4) a dust catcher and shut-off valve, built adjacent 
to the machine, to collect dust and soot carried out of 
the producer with the gas. 

The gasification rate of producers varies. Hand-poked 
machines gasify 10 to 15 lbs. of coal per sq. ft. of fuel bed 
area per hour. Modern mechanically-poked machines 
will gasify 50 to 75 lbs. per sq. ft. per hour with good 
bituminous coals, and rates as high as 90 lbs. have been 
obtained. The gasification rate with coke breeze is about 
half that of bituminous coal. Tlic air blown per pound 
of fuel varies from 45 to 53 cu. ft. depending upon the 
grade of fuel; about 52 cu. ft. is blown for low-ash high- 
volatile coal. The steam used per pound of fuel varies 
from 0.17 to 0.40 lb. depending upon the amount and 
fusion point of the ash, and is about 0.20 lb. for a high- 
volatile coal of low ash content with a high ash-fusion 
point. The efficiency of conversion, per cent total 
calorific value of fuel recovered, is 88 to 90 per cent when 
raw gas is consumed hot, and 65 to 80 per cent when the 
gas is cooled and cleaned. 

Table 3 — XV gives the composition of clean producer 
gas made from various fuels in a well-operated updraft 
producer. 

The gross heating value of raw producer gas, includ- 
ing tar, made from a high-volatile coal, 8 per cent ash, 
is 170 to 190 Btu per cubic foot. 


Producer gas has a very low rate of flame propagation 
due to the relatively large amount of inert gases, Na and 
COa, it contains. The hot gas, containing tar, bums with 
a luminous flame; the cold gas is only slightly luminous, 
while it is non-luminous if made from anthracite coal or 
coke. Producer gas is a relatively heavy gas and has a 
wide explosive range. The theoretical flame temperature 
is low, approximately 3175° F, and the gas generally is 
preheated when utilized in steel -pi ant processes. 

Manufacture of Water Gas— Water gas or blue gas is 
generated by blowing steam thi'ough an incandescent 
bed of carbon. The gas forming reactions are primarily: 

C + H=0 = CO 4- 11^ 

C -f 2 HaO = COa -f 2H8 

Since both of these reactions are endothermic, the tem- 
perature of the bed of carbon through which the steam 
is blown would be lowered quickly to a point where no 
reaction would occur, if proper control was not provided. 
The temperature of a bed of hot carbon may be increased 
by blowing air through it, causing the two basic ex- 
othermic reactions: 

C -fOa = CO, 

2C -f Oa = 2CO 

By controlling the time during which air is blown, the 
temperature level of the bed can be controlled and the 
effect of the second reaction, which consumes more 
carbon and generates less heat, is minimized. The air 
blow raises the temperature level of the bed, and the 
gases formed during this part of the process pass through 
a stack to the outside air. The steam run lowers the tem- 
perature level of the bed and generates water gas which 
is collected by passing the gases through outlets to a gas 
holder, the reservoir for distribution. The character of 
the gas fomied and the amount of steam decomposed 
during the steam run are largely functions of the bed 
temperature and thickness, and velocity of gases through 
the bed. In order to maintain a practical limitation to the 
rise and fall of tlie temperature level, the length of each 
cycle is of short duration, usually from 2 to 6 minutes. 
The thickness of the fuel bed is maintained by charging 
fresh fuel periodically and removing ash from fuel spent 
in the process. Charging usually is done every 45 to 75 
minutes and the ash removed every 6 to 8 hours. The 
velocity of the gases is controlled by the rate of steam 
input and fuel sizing. In order to maintain as nearly uni- 


Tablc 3 — XV. Composition of Clean Producer Gas^^* 
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form temperature as possible in the fuel bed (about 
1050" F) and thereby to secure the optimum gas yield 
and least trouble from ash clinkers, the steam run during 
which water gas is produced, also called the gas run, is 
divided into three distinct periods, known as the up-run, 
the down-run, and the final up-run. These terms desig- 
nate the direction of the steam-gas movement. In the 
up-run die steam is admitted below the fuel bed and 
taken off at outlets above the bed. The down-run is the 
exact opposite, A typical four-minute water-gas cycle 
is as follows: 

90 seconds — 13,000 cu. ft. of air per min. 

Air 1310 W (100-150 c.f.m. per sq. ft. of grate area) 

g f Up-nm 44 seconds — 175 lb, steam per minute 

J < Down-run 90 seconds — 200 lb. steam per minute 

t/3 ^ [ Up-run 16 seconds — 175 lb. steam per minute 

Total 240 seconds 

During the air blow period of each cycle, a hot, lean 
producer gas is formed. A part of this gas sometimes is 
permitted to dilute the steam-run gas. The latter part of 
the air blow generates a gas generally high in CO, and 
is the most efficient period in which to collect this gas. 
Normally, however, all of the gas made during the air 
blow is passed through a separate chamber containing 
refractory checker work and the CO in the gas burned 
with air diverted from the generator to this chamber. 
The checkers absorb some of the heat of the spent gases 
as they pass to the stack. The down-run steam some- 
times is passed through the checker chamber before en- 
tering the generator to recover the stored heat. Heat 
in a similar chamber is used for cracking fuel oil when 
carburetted water gas is made. 

The division of each cycle into definite periods re- 
quires an elaborate system of valving to direct properly 
the flow of air, steam and gases, the mixing of which 
would lead to dilution and, in some cases, to serious 
explosions. Ihe sequence and time in which the large 
number of valves must be opened and closed are con- 
trolled automatically, the valves themselves being op- 
erated either electrically or hydraulically in response to 
the controls. Since cycles are frequently changed as 
conditions warrant, the controls are designed for easy 
alterations to the timing. 

While coke generally is used as the fuel in the produc- 
tion of water gas because of its high carbon content and 
cleanliness, anthracite and bituminous coal and mixtures 
of coal and coke also have been used successfully, but 
with some sacrifice in over-all operating efficiency. 

Water gas burns with a clear blue flame; hence, the 
name “blue gas.” It is used in a number of chemical 
processes to supply a basic gas for syntlietic processes, 
but it is not suitable for distribution as a domestic fuel 
unless it has been enriched with cracked fuel oil, when 
it is called carburetted water gas. 

Water gas made from coke burns with a non-luminous 
flame. Carburetted water gas burns with a highly lumi- 
nous flame. Both gases have a high rate of flame propa- 
gation, The speed of combustion for water gas exceeds 
that of any other extensively used fuel gas; that for 
carburetted water gas is practically the .same as for coke- 
oven gas. Water gas has a slightly lower specific gravity 
than natural gas, but is somewhat heavier than coke- 
oven gas. Carburetted water gas is heavier than natural 
gas but lighter than producer gas. The theoretical flame 
temperature of both blue and carburetted water gas is 
very high, respectively about 3670 and 3725® F, exceeding 
that of all other industrial fuel gases commonly used. 
Both gases have a relatively wide explosive range. 

Special Gas Processes — Studies and investigations in 


the art of gasification have been under way in the United 
States for a number of years. The German demand for 
self-sufficiency prior to and during the second World 
War led to developments of the water-gas machine 
which first made possible continuous gasification, and 
later the manufacture of a gas containing methane. 
Technical advances in the manufacture of cheap oxygen 
contributed largely to these developments. The first step 
towards improvements in fuel -gas manufacture elimi- 
nated the disadvantage of cyclic operation and the sec- 
ond, the necessity for carburetting water gas. Continuous 
gasification was accomplished in the Winkler Process by 
passing the proper mixture of steam and oxygen through 
a fuel bed to compensate for the endothermic reaction, 
C -f HD, with the exothermic reaction, C O 2 , thereby 
maintaining a fixed temperature in the fuel bed. 

The Lurgi Process, developed in 1936, produces a rich 
water gas containing CH4. A mixture of steam and oxy- 
gen at 20 atmospheres pressure (steam at 900® F) is in- 
troduced through the hollow shaft of a rotating grate and 
passes through the ash bed into a fixed fuel bed, which 
is at a temperature of 2150® F, where the fuel is gasified. 
Fuel is charged intermittently into a hopper immediately 
above the generator proper. A foot valve between the 
hopper and generator locks the high pressure in the 
generator during charging. After filling the hopper, fuel 
is fed continuously into the generator chamber. A plow 
directs ash through the grate into a small compartment 
in the lower portion of the generator, and from there 
the ash is removed continuously by a revolving scraper 
into an outside ash hopper. 

By-Product Gaseous Fuels — The two major by- 
product gaseous fuels are blast-furnace and coke-oven 
gases. A number of other unavoidable gaseous fuels are 
created by regular manufacturing processes. Some of 
these are of minor economic consequence, but the ma- 
jority are useful and generally utilized at the plant 
where they are produced. An exception is oil -refinery 
gas which is sometimes piped and marketed to industries 
adjacent to refineries. The calorific value and flame char- 
acteristics of by-product gases have wide ranges. Blast- 
furnace gas has probably the lowest heat content of any, 
and oil refinery gas the highest, respectively 90 and 1850 
Btu per cubic foot, although both vary from these values. 

Blast-furnace gas is a by-product of the iron blast 
furnace. The paramount objective in blast-furnace op- 
eration is to produce iron of a specified quality, eco- 
nomically; the fact that usable gas issues from the top 
of the furnace is merely a fortunate attendant circum- 
stance. When air enters the tuyeres (see Chapter 12 on 
“The Manufacture of Pig Iron”) its oxygen reacts with 
the coke. The resulting gas passes up through the shaft 
of the furnace which has been charged with coke, ore, 
and limestone, and after a number of chemical reactions 
and a travel of some 80 feet, issues as a heated, dust- 
laden, lean, combustible gas. The annual volume produc- 
tion of this gas is greater than that of any other gaseous 
fuel. Four to five tons of blast-furnace gas are generated 
per ton of pig iron produced. While the purpose of the 
gases generated by the partial combustion of carbon is 
to reduce iron ore, the value of a blast furnace as a gas 
producer is evident from the relation just noted. The es- 
sential reactions by which blast-furnace gas is produced 
are shown in Chapter 12. 

The percentage of CO and COa in blast-furnace gas is 
directly related to the amount of carbon in the coke and 
the amount of COa in the limestone charged per ton of 
iron produced. The rate of carbon consumption depends 
principally upon the kind of iron to be made, the physical 
and chemical characteristics of the charged material, the 
distribution of the material in the furnace stack, the 
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furnace lines, and the temperature of the hot blast. The 
total CO -f CO* content of the top gas is about 40 per cent 
by volume, and when producing ordinary grades of iron 
the ratio of CO to COi will vary from 1.7 to 2.5, to 1 . 
The hydrogen content of the gas varies from 3 to 4 per 
cent. The remaining percentage is made up of nitrogen, 
except for about 0.2 per cent CH 4 . The efficiency of the 
blast furnace as a gas producer on a cold basis is a little 
less than 70 per cent; and on a hot basis, about 90 per 
cent. 

Blast-furnace gas leaves the furnace at a temperature 
of 250® to 700® F, and at a pressure of 15 to 60 inches w.g., 
carrying with it 10 to 50 grains of water vapor and 8 to 
15 grains of dust per cubic foot. The particles of dust 
vary from Va to 0.00001 inch in diameter. In early days 
of blast-furnace operation, the gas was used as it came 
from the furnace without cleaning, causing a great deal 
of trouble with flues, combustion chambers, and stoves 
due to clogging. The gas now is cleaned almost imi- 
versally, the degree depending upon the use. 

The outstanding characteristics of blast-furnace gas as 
a fuel are: ( 1 ) very low calorific value — approximately 
90 Btu per cu. ft., (2) low theoretical flame temperature 
— approximately 2650® F, (3) low rate of flame propaga- 
tion — relatively lower than any other common gaseous 
fuel, (4) high specific gravity — highest of all common 
gaseous fuels, and (5) burns with a non-luminous flame. 

Coke-Oven Gas — The steel industry, which uses about 
85 per cent of the total coke-oven gas generated in the 
United States, generally classifies coke-oven gas as a 
by-product of coke manufacture. This undoubtedly is 
due to the former waste of coke-oven gas and other coal 
products for so many years in the beehive-coke process. 
Actually, the production of coke-oven gas and other 
coal chemicals is a part of an important manufacturing 
process in which large sums have been expended for 
their recovery, as they have a value almost equal to that 
of the coke. Coke-oven gas is produced during the 
carbonization or destructive distillation of bituminous 
coal in the absence of air. A description of the carbon- 
ization of coal and the recovery of coke-oven gas and 
coal chemicals is given in Chapters 4 and 5. 

The composition of coke-oven gas varies in accordance 
with grade and density of coal and operating practices. 
Typical ranges for the constituents of dry coke-oven gas 
by volume are as follows: 


CO.* 1.3 - 2.4 

0. 0.2 - 0.9 

N. 2.0 - 9.6 

CO 4.5 - 6.9 

H, 46.5 -57.9 

CH* 26.7 -321 

Uluminants 3.1 - 4.0 

Specific Gravity 0.36-0.44 


Heating Value, Btu per cu. ft. (gross) . . 537-580 

Heating Value, Btu per cu. ft. (net) . . . 480-523 

^Includes HtS 

Coke-oven gas contains hydrogen sulphide, HaS. 
About 40 per cent of the sulphur in coal, not removed 
in the washing process, is evolved with the distillation 
products. Much of this remains in the gas. Carbonization 
of coals containing 1.20 per cent sulphur evolves a gas 
containing about 424 grains of sulphur per 100 cu. ft., 
and those containing 1.60 per cent sulphur about 600 
grains per 100 cu. ft. Commercial coals in the eastern 
part of the United States usually run from 0.5 to 1.5 per 
cent sulphur. Gases high in sulphtir content are very 
undesirable for metallurgical purposes. 

Coke-oven gas normally la saturated with water vapor. 


In distribution systems, means must be provided for 
draining off the condensation due to any temperature 
change. 

Coke-oven gas burns with a non-luminous to semi- 
luminous flame, depending upon the degree of mixing 
air and gas. Its rate of flame propagation is high — con- 
siderably higher than natural, producer, or blast- 
furnace gas. It has a low specific gravity — lowest of any 
of the gaseous fuels commonly utilized by the steel in- 
dustry. It has a high theoretical flame temperature— 
about 3600” F, a little higher than that of natural gas. 
The explosive range is about twice that of natural gas. 

Use of Various Gaseous Fuels in the Steel Industry — 
Gaseous fuels are ideal for many steel-plant applica- 
tions. Below are the more important applications where 
gaseous fuels either must be used on account of the 
nature of the work or facility, or where they are pre- 
ferred over a liquid or solid fuel: 

Coke-Oven Heating 
Blast-Furnace Stoves 

Gas Engines for Blowing or Power Generation 
Soaking Pits 
Reheating Furnaces 
Forge and Blacksmith Furnaces 
Normalizing and Annealing Furnaces 
Controlled-Cooling Pits 
Foundry Core and Bessemer Bottom Ovens 
Blast Furnace and Steel Ladle Drying 
Drying of Blast-Furnace Runners and 
Open-Hearth Tapping Spouts 
Hot-Top Drying 

To these may be added the gas turbine for blowing or 
power generation when further development permits a 
more extended use of this machine. 

The choice of the most desirable fuel for each of the 
many facilities in a steel plant is not always possible, 
but by judicious planning the most efficient fuel or com- 
bination can be selected from those available. The gen- 
eral characteristics of each gas govern, wherever pos- 
sible, its selection for a specific purpose in a steel plant. 
An outline of the important applications of the major 
gaseous fuels follows. 

Uses for Blast-Furnace Gas — For many years, the 
use of blast-furnace gas for purposes other than for the 
firing of stoves and boilers was not economical. A num- 
ber of factors have contributed, however, to the enlarged 
use of blast-furnace gas, the more important of which 
are: ( 1 ) rising cost of purchased fuel; ( 2 ) technical 
progress in gas cleaning, in the use of regeneration and 
recuperation, and in the mixing of gaseous fuels; (3) 
the economic advantage of using pulverized coal in 
boiler houses to substitute for blast-furnace gas, thereby 
permitting its substitution elsewhere for the more ex- 
pensive liquid and gaseous fuels; and (4) seasonal short- 
ages in the availability of purchased liquid and gaseous 
fuels. 

In certain applications, in addition to preheating the 
air, the gas itself may be preheated to provide higher 
temperature potential. For the facilities listed below, 
blast-furnace gas may be utilized successfully without 
preheat: 

Blast Furnace Stoves 
Normalizing and Annealing Furnaces 
Foundry Core and Bessemer Bottom Ovens 
Gas Engines for Blowing or Power Generation 

The thermal advantage of using blast-furnace gas in 
blowing engines and gas electric generators must over- 
come the heavy investment and maintenance expense 
of this equipment The modem boiler house utilizing 
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high steam pressure and temperature with efficient 
turboblowers and generators has sufficiently reduced 
the thermal advantage of gas engines so that their use 
is difficult to justify. 

Preheated blast-furnace gas burned with preheated 
air has been used successfully in the following applica- 
tions. 

Coke-Oven Heating 

Soaking Pits 

Reheating Furnaces 

WIk'h blast-furnace gas is preheated, it should have a 
minimum cleanliness of 0.01 grains per cu. ft.; and in 
aJ] cases where this gas is used, extra precautions must 
be taken to prevent the escape of fuel or unbumed gas 
into attcndable surroundings since it contains a large 
percentage of toxic CO gas. Blast-furnace gas is used 
for many applications in the steel plant and, in addition, 
is used frequently for heating coke ovens and sometimes 
is mixed with other gases as an open-hearth fuel. 

Use of Co/cc-Oven Gas — Coke-oven gas has had a 
more extended use than blast-furnace gas because of: 

(1) relatively low distribution costs due to its low 
specific gravity, high calorific value, and cleanliness; 

(2) its ability to develop extremely high temperatures 
by combustion; and (3) the high rate at which it can 
release heat, thereby eliminating excessively large com- 
bustion chambers. Important applications for coke-oven 
gas include open-hearth furnaces in addition to those 
previously listed for gaseous fuels. The low specific 
gravity of coke-oven gas is a disadvantage in the open 
hearth, and for this reason, it is supplemented wherever 
possible with a driven liquid fuel in tliis service. In ad- 
dition, the sulphur (in the form of HaS) present in coke- 
oven gas is a distinct disadvantage, particularly when 
used in making low-sulphur heats in the open hearth 
and in heating certain grades of alloy steel for rollmg. 
Its presence also requires the use of materials resistant 
to sulphur attack in pipe lines, valves, and burners. 

There are a number of fuel applications in a steel 
plant where neither blast-furnace gas nor coke-oven 
gas, when burned alone, develop the desired flame char- 
acteristics or temperature level for optimum results. By 
mixing two fuels of such great variance in character- 
istics, a more ideal fuel can be obtained for specific ap- 
plications. 

The speed of combustion is very high for coke-oven 
gas and very low for blast-furnace gas. The desired 
speed can be attained through the proper proportioning 
of the two fuels. The speed also can be modified to a 
limited extent when necessary by suitable combustion 
technique. Mixed blast-furnace and coke-oven gas is 
particularly suitable for application to soaking pits and 
reheating furnaces. 

Use of Natural Gas— Due to plant balances requiring 
the purchase of outside gaseous fueLs, mixtures of coke- 
oven gas and natural gas are often utilized. While the 
temperature-developing characteristics of these two 
gases are nearly identical, tlicy have differences in other 
characteristics, notably in tlie rate of flame propagation 
and in luminosity. By proper proportioning, tlie advan- 
tage of a short, intensive cutting flame or a long, lumi- 


nous, soft flame may be had to suit the applications. 

Use of Producer Gas — Raw, hot, producer gas has been 
used extensively in steel-plant operations for open- 
hearth furnaces, soaking pits, and reheating furnaces. 
It has been customary to preheat this gas regeneratively 
when used in open hearths and soaking pits, and also 
in batch -type reheating furnaces. In continuous-type 
reheating furnaces, the fuel seldom is preheated. With 
good gas making, producer gas develops a soft, heavy, 
long, luminous flame desirable for reheating steel and 
in working an open-hearth heat. The use of this gas 
largely has been superseded in many plants by by- 
product gaseous and liquid fuels. 

Combustion of Various Gaseous Fuels — ^The major 
combustion reactions of the components of gaseous fuels 
with air and a table of essential gas combustion con- 
stants were given in Section 3 of this chapter. From 
chemical equations, the quantity of air required to pro- 
vide perfect combustion and the resultant products may 
be calculated for any given gaseous fuel. Table 3 — XVI 
shows the air requirements, products of combustion, and 
pertinent characteristics of several gaseous fuels. The 
degree of mixing of air with a gaseous fuel, and the de- 
gree of excess or deficiency of air to the theoretical re- 
quirements arc pertinent combustion problems. The de- 
gree of mixing is controlled by burner design. Burners 
have been developed to produce short, intense flames or 
long, slow-burning flames. The short, intense flame is 
usually non-luminous or semi -luminous, while the long 
flame is luminous. This relation is not always the case, 
however, since a gas must contain hydrocarbons to de- 
velop luminosity. Burners capable of producing short, 
intense flames will liberate a large amount of heat in a 
small space. Some gases, due primarily to the constitu- 
ents of which they are composed, arc capable of a high 
rate of heat release; others, of a very low rate of heat 
release. The two extremes are evident in two common 
steel-plant fuels — coke-oven gas and blast-furnace gas. 
There is also a limit to the length of flame which can be 
produced. It is determined by tlie ability of the flame to 
provide enough heat to propagate itself. If the short, 
intense-flame type burner is used witii coke-oven or 
natural gas, combustion will be so intense that no flame 
will be visible, and heat can be liberated at rates up to 
several million Blu per cubic foot of combustion spat'c 
per hour; while the long, slow-burning-flamc burner fir- 
ing the same gases is capable of developing a visible 
flame twenty or thirty feet long with a heat liberation 
of 15,000 to 20,000 Blu per cu. ft. per hour. Both types ol 
flames are desirable for specific steel-plant applications. 
It is obvious that burner selection based on degree of 
mixing is important. Carrying an excess or deficiency ol 
air for combustion is practiced usually to control scale 
formation, but this is done sometimes in order to control 
flame characteristics. An excess of air tends to shorten, 
while a deficiency lengthens, a flame. An excess of air 
above theoretical requirements causes higher heat losses 
as any extra air absorbs its share of the heat of com- 
bustion. When there is a deficiency of air, potential heat 
is lost. In problems of design and fuel conservation, the 
air requirements and volume and constituents of the 
products of combustion must be known. 


SECTION 8 

FUEL ECONOMY 

Since fuel represents the largest single item of expense to both the producer and consumer of steel products. The 
in assembling raw materials for the manufacture of iron steel industry consumes annually during normal times 
and steel, tlie subject of fuel economy is of consequence about 100 million net tons of fuel in coal equivalent. 
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Table 3 — XVI. Properties of Typical Gaseous Fuels 


Fuel Gas 



Constituents of Fued Gas 

Per Cent by Volume (Dry Basis) 



Specific 

Gravity 

Cu. Ft. 
of Air 
Required 
for Com- 
bustion 
ofCu.Ft. 
of Gas 

Heating 

Value 

CO, 

Oa 

Nn 

CO 


CIL 

C,ll. 

nil 

na 

cvi. 

11 mi- 
nts 

(\H6 

Cu. 

1 of ( 

Gross 

pci 

Ft. 

las 

Net 

Natural Gas 



0 8 



83 4 

15 8 



0 61 

10 58 

1129 

1021 










C.,H6 

Reformed Natural Gas 

1.4 

0.2 

2.9 

9 7 

46.6 

37.1 


1 3 

0 8 

0.41 

5 22 

599 

1 536 

Coke-Oven Gas 

2.2 

0 8 

8.1 

6.3 

46.5 

32 1 


3.5 

0 5 

0.44 

4 99 

574 

514 

Water Gas (Coke) 

5.4 

0 7 

8.3 

37.0 

47.3 

1.3 




0.57 

2.10 

287 

262 

Carburet ted Water 














Gas 

3.0 

0.5 

2.9 

34.0 

40.5 

10.2 


6. 1 

2 8 

0.63 

4.60 

550 

508 

()il Gas (Pacific Coast) 

4 7 

0.3 

3.6 

12 7 

48.6 

20 3 


2.7 

1.1 

0.47 

4 73 

551 

490 

Producer Gas 














(Bituminous Coal).. 

4.5 

0 (i 

50 9 

27.0 

14 0 

3.0 




0.86 

1.23 

163 

153 

Blast Furnace Gas 

11.5 


60 0 

27.5 

1 0 





1.02 

0.68 

92 

92 

Butane (Commercial) 




(C4I 

1 

[1,0—93 

1 

.0) (C, 

i 

JR- 7.( 

)) 


1.95 

30.47 

3225 

2977 

Propane (Commercial) 




(Cillr-lOO.O) 

1 1 




1 52 

23.82 

2572 

2371 


Table 3 — ^XVI. (Continued) 


Fuel Gas 

Products of Combustion in 
Cu. Ft. per Cu. Ft. of Fuel 

Ulti- 

mate 

% 

COi 

Net Btu 
ptir 

Cu.Ft. of 
Products 
of Com- 

Theor. 

Flame 

Temp. 

No 

Excess 

Air 


11,0 

CO, 

N, 

Total 

i)U8tion 

"K 

Natural Gas 

2.22 

1.15 

8 37 

11 73 

12.1 

87 0 

3562 

Reformed Natural Gas 

1.30 

0 53 

4 16 

5 99 

11.3 

89.6 

3615 

Coke-Oven Gas 

1,25 

0.51 

4.02 

5.78 

11.2 

87 0 

3610 

Water Gas (Coke) .... 

0.53 

0.44 

1.74 

2.71 

20.1 

96.6 

3670 

Carburetted Water 

Gas 

0.87 

0.76 

3 60 

5.29 

17.2 

96.2 

3725 

Oil Gas (Pacific Coast) 

1 15 

0.50 

3 77 

5.48 

12.9 

90.5 

3630 

Producer Gas 

(Bituminous Coal) 

0 23 

0 35 

1 48 

2.06 

18.9 

74.6 

3175 

Blast Furnace Gas . . 

0.02 

0.39 

1.14 

1.54 

25.5 

59.5 

2650 

Butane (Commercial) . 

4.93 

3 93 

24.07 

32.93 

14.0 

90.5 

3640 

Propane (Commercial) 

4.17 

3.00 

18.82 

25.99 

13.7 

91.2 

3060 


“’From “Combustion”— American Gas Association. 
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The efficient utilization of this large quantity of fuel is 
also pertinent to the conservation of our fuel resources. 
The history of the steel industry shows great progress 
has been made in reducing the amount of fuel required 
to produce a ton of steel. During the Revolutionary 
War, iron making required large quantities of charcoal, 
as the source of carbon, to reduce the ore. If a substitute 
had not been found for charcoal, our forests would have 
disappeared many years ago and our industrial progress 
arrested. In the past one hundred years, which really 
represents the modem era of steelmaking, a number of 
important developments have taken place to reduce the 
fuel requirements in producing steel. Some of these de- 
velopments could be listed by historical sequence, while 
otliprs are of such a nature that they cannot be desig- 
nated by any period of time. The major contributions to 
fuel economy in steel plants have been: 

(1) Development of the Bessemer converter. 

(2) Development of the Siemens -Martin regenerator. 

(3) Development of the hot blast. 

(4) Utilization of blast-fumace gas. 

(5) Installation of by-product coke plants and utili- 
zation of by-product fuels. 

(6) Integration of steel plants. 

(7) Electric drives for rolling mills. 

(8) Improved efficiency of steam-generating equip- 
ment and steam prime movers. 

(9) Large producing units. 

(10) Balancing of producing units. 

(11) Recovery of waste heat by recuperators, boilers 
and other forms of heat exchangers. 

(12) Development and utilization of instruments and 
control equipment. 

(13) Insulation of high -temperature facilities. 

(14) Utilization of the optimum fuel for specific facili- 
ties. 

(15) Improvements in manufacturing technique and 
production control. 

(16) More highly skilled operators. 

The results of the above contributions now have made 
it possible to produce a ton of steel ingots utilizing less 
than 1 % tons of coal, instead of several tons as required 
a hundred years ago. The consumption of primary fuels 
in the iron and steel industry for three recent years is 
shown in Table 3 — XVII. 

In addition to these outstanding contributions to fuel 
economy in steel mills, the importance of the effect that 
rate of operations has on fuel economy should be 
stressed. Historically, the iron and steel industry follows 
the general business level maintained in the country, 
but its rate of operations often fluctuates more than 
that of many other industries. During peak production, 
optimum fuel economy is the natural result of operating 
the facilities which require fuel under the conditions 
for which they were designed to operate most eco- 
nomically. During periods of low production, fuel con- 
sumption undergoes a severe increase per unit of out- 
put; careful scheduling of production and facilities are 
required during this period to maintain minimum fuel 
losses. 

The effectiveness with which by-product fuels are 
used in steel plants is of major significance in reducing 
Uie quantity of primary or purchased fuel required to 
produce a ton of steel. The consumption of by-product 
fuels (blast-furnace gas, coke-oven gas, pitch-tar and 
coke breeze) for three recent years is rfiown in Table 
3— XVIII. 

Of the total gas produced by blast furnaces and coke 


ovens, only a portion is available for replacement of pur- 
chased liquid or gaseous fuels. Blast furnaces consume 
35 to 45 per cent of the top gas produced to operate their 
own facilities. Fuel is required in stoves to heat the 
blast, and to provide steam for driving blowers, pumps 
and electric generators to satisfy furnace demands. By- 
product coke ovens use the equivalent of 30 to 40 per 
cent of the gas they produce to heat the ovens in addition 
to fuel requirements for generating steam for pumping 
water, process steam and the electric power necessary 
to produce coke and coal chemicals. 

While the primary fuel requirements of recent years 
represent progress over former years, future utilization 
of lower grade raw materials (higher ash and sulphur in 
coal and ore of lower iron content) will require extra 
diligence and development work to continue the past 
rate of progress in fuel economy. The present national 
fuel figure of about 1.3 tons of coal per ton of ingots will 
be reduced considerably as modem facilities replace 
those which become obsolete or are of no further eco- 
nomic value, provided the disadvantage of lower grade 
raw materials is matched by developments in their use. 
Figure 3 — 6 illustrates graphically existing potentialities 
for fuel economy in a steel plant. With modern facilities 
and efficient practices in a well-balanced and integrated 
plant, it is possible, as shown in the flow diagram, to 
produce a ton of ingots with one ton of coal. 

Efficiency of Heat Utilization in Steel Plants — I. Blast 
Furnaces — Blast furnaces require much more fuel than 
any of the other producing units in a steel plant. How- 
ever, about half of this fuel is recovered in the form of 
blast-furnace gas. The efficiency of fuel utilization of 
the other half required for smelling iron in the blast 
furnace is very high and no large reduction, such as has 
been procured during the past twenty years in other 
processes in the steel plant, can be foreseen. However, 
any appreciable reduction in blast-furnace coke rates 
which can be effected will have a beneficial effect upon 
steel-plant fuel economy as a whole. During the period 
of World War II, a number of furnaces were increased in 
size. Practice and tests on some of these revealed po- 
tential fuel economies are possible over those of smaller 
size. Tests with beneficiated ore also have disclosed 
marked improvement in production and in fuel economy. 

The developments of the past twenty years in blast- 
fumace fuel economy have centered especially on means 
for procuring better distribution of the gas through the 
stock and on employment of higher hot-blast tempera- 
tures. Better gas flow has been accomplished through 
improved charging facilities, improvements in the struc- 
ture and size of coke, in the bcneficiation of ore, higher 
furnace top pressure, and improved furnace lines and 
working volume. The in.stallation of larger and more 
adequate stoves has made possible the use of higher 
hot-blast temperatures. 

2. Blast-Furnace Stoves — The fuel efficiency of fur- 
nace stoves of older design probably averaged little 
better than 60 per cent. A comparison of an approxi- 
mate heat balance of older with modem stoves of 80 to 
85 per cent efficiency is as follows: 



Former 

Modem 

Item 

Stoves (%) 

Stoves ( %) 

Heat absorbed by blast 

Sensible and latent heat in 

60 to 70 

80 to 85 

stack gases 

20 to 40 

10 to 16 

Potcjiitial heat in stack gases. 
Radiation and unaccounted 

2 to5 

0to2 

losses 

10 to 26 

6 to 10 
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RAW COAL 
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i 
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e GALLONS 


1.290.000 BTU. 


4,500 CU FT 
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COKE OVEN GAS I 


1 * 3^*40 CU FT LTiaooolru 
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NOTE: the following ASSUMPTIONS ARE MADE: 

1 100% KLONDIKE COAL USED. 

2 MODERN FACILITIES INSTALLED. 

3 NORMAL OPERATIONS AT RELATIVELY HIGH RATES. 

4 STEAM GENERATION AT 250 LBS 600*F. 

5 TURBO -GENERATORS CONDENSING 



REHEATING FURNACESL 5790 CU FT LSOO.OQQ BTUl 
' ■» FINIgHyC mills T"( • l,750P00 BTU /NT HEATED ) 

FINISHED PRODUCT 
(BARS, SHAPES, ETC ) 

79' TONS 


Fig. 3—6, Graphic representation of existing potentialities for fuel economy in a steel plant. 


3. Blast-Furnace Blowers — ^Modern blast furnaces 
generally are equipped with steam-turbine driven blow- 
ers consuming about 18,000,000 to 20,000,000 Btu in 
steam per blast unit. A “blast unit” is a measure of 
energy applied to blast-furnace blowing. It is the energy 
required to compress 1,606,140 cu. ft. of dry air at 60® F 
and 30 in. Hg adiabatically to 15 lbs. per sq. in. gage 
pressure, and is equal to 1000 Kwh., or 3,415,000 Btu. 
Turbo-blowers have replaced many of the older recip- 
rocating-engine-driven compressing tubs or cylinders 
in which the air was raised to the proper pressure level, 
an operation which consumed from 30,000,000 to 50,000,- 
000 Btu in steam per olast unit. The gas-engine-driven 
blowing-tub consumes only about 18,000,000 Btu in gas 
per blast unit, but its thermal advantage over the turbo- 
blower is largely overcome by relatively high initial and 
maintenance costs. Modern turbo-blowers, complete 
with auxiliaries and efficient boilers (80 to 85 per cent) 
for producing steam, require about 15 per cent of the 
total blast-furnace gas produced. 

4. Basic Open-Hearth Furnaces — Accomplishments in 
fuel economy in open-hearth furnaces between 1928 and 
1952 outrank those of any other major metallurgical 
facility in the steel plant, and although available national 
records are insufficient, it is safe to assume a reduction 
of 20 to 25 per cent has been made in this interim. In 
1926, very few open-hearth shops could boast of con- 
sistently producing steel ingots for less than 5,000,000 net 
Btu per net ton of steel, while today only a few shops 
require that amount, and the majority of modem shops 


seldom exceed 3,500,000 net Btu. The fuel economy ef- 
fected in basic open-hearth furnaces (largely in the last 
20 years) is primarily the result of the development and 
intelligent use of controls and the gradual change to 
larger furnaces. Faster charging, reduced bottom delays, 
minimized hot-metal and pouring delays, better fuels, 
more effectively designed checkers, ports and burners, 
and many other factors also have contributed to fuel 
economy. In addition to the reduction in Btu per Ion, 
large fuel savings, which are not shown by the figures 
quoted, have been effected by converting the heat in 
waste gases into steam by the use of waste-heat boilers. 

The open hearth, because of the high working tem- 
perature required, has very high stack and radiation 
losses. 

The approximate heat balance of a large, modem, 
open-hearth furnace equipped with waste-heat boilers 
is shown schematically in Figure 3—7 (see page 85). 

Recent technical developments in the use of com- 
pressed air or oxygen to hasten bath reactions, atomiza- 
tion of liquid fuels with air rather than steam, enriched 
air for combustion and better open-hearth refractories, 
have opened the way for future improvements in the 
fuel economy of open-hearth furnaces. 

5. Soaking Pits— Prior to 1930, the majority of soaking 
pits were of the regenerative type, consuming from 800,- 
000 to 2,500,000 net Btu per ton of ingots, the difference 
in fuel requirements depending largely upon the tem- 
perature of the steel charged into the pits. Several new 
types which have been developed in recent years, to- 





Table 3— XVDL Primary Fueb CoDsumed by the Iron and Steel Industry 
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‘"Based on statistics obtained from “Annual Statistical Reports”-Iron & Steel Institute and “Minerals Yearbook’-Bureau of Mines 
•Based on 90 percent utilization and 11,000,000 Btu in gas produced per net ton of pig iron. 

®^Based on 20 tons coal equivalent per million cubic feet of gas. 

^**Based on 0.0064 tons coal equivalent per gallon of pitch -tar. 

®Based on the proportion of 10,500:12,500 to coal equivalent (0.840). 







FUELS AND COMBUSTION 


85 


HEAT BALANCE 

MODERN OPEN-HEARTH FURNACE 
(FUtL INPUT -- 3, 200,000 BT U PER NET TONS Of INUOTS) 

TOTAL HEAT (NPUT'I ^ /tOTAL HEAT OUTPUT 
4,600,000 bTUj "■ )4, 800,000 HTu 



Fig. 3 — 7, Schematic approximate heat balance of a large, 
modern, open-hearth furnace equipped with waste-heat 
boilers. 


gether with the development and use of automatic con- 
trols, have resulted in a reduction of 300,000 to 1,200,000 
Btu per net ton of ingots in the fuel consumption for 
heating ingots. 

6. Reheating Furnaces — The fuel consumption of re- 
heating furnaces varies considerably depending upon 
the temperature of the steel to be reheated, the size and 
grade of steel, operating schedules and practices, and 
furnace design. Table 3 — XIX shows the fuel consump- 
tion generally realized in modern reheating furnaces. 

The principal loss which occurs in reheating furnaces 
is the sensible heat lost in the stack gases. A reduction 
of this loss has been accomplished by the installation of 
regenerators, recuperators or waste -heat boilers. 

7. Steam and Power Generation — Boilers in steel 
plants generate steam for driving blowers, electric- 
power generators, service water pumps, and a multitude 
of miscelljineous equipment, as well as provide steam for 
the heating of buildings, shops and offices, and for gen- 
eral process work. About 1928, reciprocating steam en- 
gines were the principal source of power in all the older 
steel plants. Steam lines from several boilers in large 
plants provided a labyrinth of feeder lines to various 
furnace and mill facilities. Leakage of steam and con- 
densation losses in lines were high. Steam pressure and 
temperatures seldom exceeded 150 lbs. per sq. in. gage 
and 50" F of superheat. Boiler efficiencies usually were 
in the 50 to 60 per cent range. 

A history of the growtli of electrification in steel mills 
is given in Chapter 24, on “Rolling Mill Drives.” This 
growtli has had a continued influence since 1906 on na- 
tional fuel economics. As existing old mill drives and 
obsolete steam equipment are replaced with modem 
electrical facilities, further economies will result. Con- 
verting steam power to electrical power will in itself use 
up power, but once the electrical power is obtained, it 
can be used very efficiently. While a number of modern 


boiler houses now installed are 80 to 85 per cent efficient, 
the national average for steel plants probably does not 
exceed 70 per cent. The difference offers a major possible 
unit reduction in future steel-plant fuel requirements. 

The efficient utilization of by-product fuels provides a 
surplus, in well -integrated plants, for the generation of 
electric power. A modern fully -integrated plant is capa- 
ble of generating all of its own power requirements from 
available surplus by-product fuel. Table 3— XX shows 
the electrical energy consumed annually by the steel 
industry in 1950, 1951, and 1952, It also shows the amount 
of electrical energy purchased from public utilities and 
that generated within the industry. At least 30 per cent 
of the electric power requirements in these years was 
generated by the steel industry itself. 


Table 3 — XX. Consumplion of Electrical Energy in 
Steel Industry (In Millions of Kvvh.)“> 


Year 

ClcTu^ratod 

Piir(‘ha.s(‘(l 

(VinRuinod 

1952 

8,()S(> 

17,259 

25,915 

1951 

9,241 

18,370 

27,611 

1950 

8,976 

J5,(iSS 

24, (>(*>4 


“Annual Statistical Reports.” American Iron & Steel In- 
stitute. 


Many of the existing turbines used for blowers, gener- 
ators, service water pumps, and other facilities installed 
prior to 1930 were designed for steam pressures under 
250 lbs. and 550" F temperature. Future replacement of 
these facilities will provide fui’tlier fuel economies, as 
estimated in Table 3 — XXI. 

Means Employed for Heat Conservation — The heat 
from the combustion of fuel which is not utilized in 
steel-plant metallurgical and service facilities represents 
an appreciable part of tlie total supplied. The amount 
lost differs with various processes. In general, the proc- 
esses having the higher temperature levels have the 
greater thermal losses, and, therefore, offer the best op- 
portunity for heat recovery. The largest losses usually 
arc contained in the waste flue gases and in radiation 
from the furnace walls. The recovery of heat from waste 
flue gases of high-temperature processes has been prac- 
ticed for nearly a hundred years. Since that time, im- 
provements in design of the originally conceived 
regenerators, and the development and use of recupera- 
tors and waste-heat boilers, have made possible sub- 
stantial recovery of heat los.ses. The reduction of radia- 
tion losses by the use of insulating material has been 
practiced in some processes for possibly fifty years; in 
others for relatively only a few years. The utilization of 
higher steam pressures and temperatures and more ef- 
ficient facilities for steam generation has progressed 
slowly but definitely in the past two decades. 

Waste flue gases contain both sensible heat and the 


Table 3 — XK. Fuel Consumption in Reheating Furnaces 


Furnace 

Type 

Material Heated 

Net Btu j>or Net Ton 
of St €^(4 

Minimum 

Ma.vimum 

Batch 

Continuous 

Batch 

Continuous 

Hot blooms and billets 

Cold slabs and medium-sized blooms 

Cold slabs and blooms 

Cold small billets 

300,000 

1,600,000 

l,800.fM)0 

1,000,000 

1,.50(),(K)0 
2,800,000 
4,200 000 
2,400,000 
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Table 3 — XXI. Estimated Fuel Economics Possible with Modern Steam Turbines, 
Utilizing Higher Pressures and Temperatures 


Steam PresHiire (Iba. per sq. in. gage) 

250 

450 

050 

850 

1000 

Total st(;am temperature (®F) 

550 

750 

750 

850 

900 

Total heat per lb. of Ptoam (lUu) 

1288 5 

1380. 5 

1377.0 

1427 5 

1453.0 

Heat in lajuid at 3()0‘'F (lUu) 

2()‘) 5 

209.5 

2(>i).5 

2GU 5 

209.5 

Heat supplied by boiler (Btu) 

1019.0 

1117. 0 

1107.5 

1158.0 

1183.5 

Theoretical water rates (lbs. stearn/kwh.). . . . 

8.48 

7.08 

6.83 

0.29 

6.03 

Expected over-all fuel requiromeritH (allowing for 
80% efficient boilers, 78% rot ary -con verier 
efficiency, and 10% for auxilianea) Btu/kwh . 

15,400 

14,050 

13,450 

12,050 

12,700 

Over-all thermal efficiency (%) 

22.2 

24.3 

25.4 

20.4 

20.9 


latent heat of vaporization of water and sometimes po- 
tential heat (unburned fuel gases). The recovery of the 
heat of vaporization of water is not practicable, and the 
elimination of potential heat in waste flue gas is con- 
trolled by providing sufficient air for combustion at the 
burners. The amount of sensible heat in waste flue gases 
is the product of the heat content per cubic foot or pound 
of gas, times the volume or weight of gases. 

The total loss of heat in waste flue gases is minimized 
by providing only sufficient air for combustion, and by 
preventing air infiltration. The temperature of furnace 
exit gases is lowered by observance of heat-transfer 
principles. Waste flue-gas temperature is reduced and 
heat recovered by heat exchangers such as regenerators, 
recuperators and waste-heat boilers. The heat content 
of the products of combustion of coke-oven gas and 
natural gas at different temperatures for various 
amounts of excess air is shown respectively in Figures 
3— " " 8 and 3 — 9. 

Fuei-Air Proportioning—In modem steel-plant fur- 
naces, and in boilers, the amount of air supplied for 
combustion is maintained only a little above tiieoretical 
requirements by automatically controlling its flow in 
chosen proportion to the supply of fuel. In open-hearth 
and some other regenerative furnaces in earlier times, 
air for combustion was drawn into and through the re- 
generators solely by the draft created by the furnace 
stack. Crude attempts were made to control the supply 
of air by opening or closing the stack dampers. Where 



Fig. 3 — 8. Heat content of products of combustion of coke- 
oven gas at different temperatures for various amounts 
of excess air. 


preheated gas was used as fuel, the problem was still 
more complicated. 

In modern furnaces of this type, all possible points of 
leakage in the furnace system have been sealed to pre- 
vent air infiltration, and controlled quantities of air, in 
selected proportion to the amount of fuel supplied, are 
blown into and through the regenerators and thence 
into the furnace to mix with the fuel to provide the con- 
trolled combustion. In other types of furnaces, such as 
in heat-treating furnaces, special pressure regulators 
and valves accurately proportion the amounts of fuel 
and air fed to the burners and effect the same result. 

Accurate and automatic proportioning of fuel and air 
has contributed to improvements in fuel economy, fur- 
nace efficiency and process control in the relatively 
recent past. The control of the rate of firing has also 
made important contributions and will be covered under 
“Automatic Temperature Control.” 

Oxygen Enrichment of Combustion Air — Air is com- 
posed of only about 20.9 per cent oxygen, with the re- 
mainder consisting of inert nitrogen plus a small amount 
of several other inert gases. When combustion takes 
place, the oxygen combines with the carbon and hydro- 
gen to the fuel and liberates heat. The inert gases of the 
air absorb heat from the combustion and carry it out of 
the furnace, and it is lost so far as the furnace process 
is concerned. They reduce flame temperature by absorb- 
ing heat, thus reducing rate of heat transfer to the work. 

It has been known for a long time that if the inert 
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Fic. 3 — 9. Heat content of products of combustion of nat- 
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content of air could be diminished, much more efficient 
combustion could be attained. Recent technical develop- 
ments that have lowered the production cost of oxygen 
of commercial purity have made large-scale use of this 
gas economical for some industrial processes. Conse- 
quently, many plants have experimented with the ad- 
dition of oxygen to ordinary air u.sed for combustion, 
with generally good results. In effect, increasing the 
oxygen content lowers the inert content of the air; 
consequently when a given amount of fuel is burned 
with oxygen-enriched air, the volume of waste gas is 
less than if ordinary air is used. If the temperature of 
the waste gas is not increased, the sensible heat loss in 
the flue gas will be decreased, due to the smaller heat 
capacity of the smaller volume. In furnaces operated at a 
high thermal head, a dimunition of the inerts usually 
results in a decrease in waste-gas temperature. With the 
same fuel input, enriched air for combustion raises 
flame temperature of a given fuel, thereby improving 
heat-transfer rate and increasing production; alter- 
natively, the fuel input may be decreased when en- 
riched air is used, to maintain the same production rate 
as obtained with more fuel using ordinary air. Increased 
production rates almost always reduce the heat losses 
per ton of product in any furnace employing a high 
thermal head. 

Furnace Pressure Control — If the pressure of the gases 
in the heating chamber of a furnace is below atmos- 
pheric, cold outside air will be drawn into the furnace 
through any openings that exist. If the interior pressure 
is above that of the outside air, the hot gases will be 
forced out of the furnace through these same openings, 
and if too much higher will, in addition, tend to pene- 
trate tlie refractories with, in some cases, damaging 
effect. It is desirable generally to operate a furnace with 
a slight positive pressure in the heating chamber (i.e., 
furnace pressure slightly higher than atmospheric). It 
should be noted that the pressure from top to bottom of 
the heating chamber is not uniform, due to the stack 
effect of the hot gases. Control, Uierefore, is aimed at 
maintaining the desired pressure at hearth level. 

Air drawn into a furnace operating under negative 
pressure upsets the fuel-air ratio which is controlled 
automatically or by valve settings. In some furnaces, 
such as reheating or heat treating, this air aggravates the 
problem of oxidation (or scalmg) of the work because 
of the oxygen present. 

If the pressure in the furnace at hearth level is equal 
to atmospheric or slightly positive, better heatuig con- 
ditions are obtained by improving heat transfer, and by 
better control of temperature uniformity. This is es- 
pecially so in furnaces where most of the heating of the 
work takes place through heat transfer by radiation from 
tlie flame to the bath or work. The positive pressure 
must be controlled to prevent excessive sting-out of 
flame from furnace openings (a small pressure iinparts 
a high velocity to hot gases), as well as to avoid the 
build-up of excessive back pressure that would inter- 
fere with the proper flow of fuel (if gaseous) and com- 
bustion air. Positive pressures maintained at hearth level 
in practical work are quite low, ranging only up to a 
few hundredths of an inch of water. Furnace pressure 
is controlled by adjusting the opening in the stack 
damper. 

Positioning of the damper can be done manually, using 
the flame sting-out as an indication of the existence of 
a positive pressure, but it is difficult to adjust the open- 
ing for the frequent changes in furnace conditions. The 
development, about the year 1928, of industrial -type in- 
struments V ith sufficient sensitivity to measure dif- 
ferential ga5. pressures with an accuracy of ±0.0025 inch 


of water, made possible the use of automatic control of 
furnace pressure. Such instruments employ a diaphragm 
(or equivalent) to measure the difference between fur- 
nace and atmospheric pressure, and, through electrical 
relays or other devices that operate motors or by hy- 
draulic systems, move the stack damper automatically 
to maintain the desired pressure in the furnace. 

Automatic furnace-pressure control has been provided 
for the majority of steel-plant furnaces, and has been a 
principal factor in the improvements in fuel economy 
and efficiency of melting and reheating furnaces in the 
steel industry during the years following its adoption. 

Automatic Temperature Control — By eliminating as 
nearly as possible human error in judging temperatures 
by senses, automatic instruments for measuring 
temperature have contributed largely to the improve- 
ment and economy of many steel-plant operations. The 
use of excessive amounts of fuel is wasteful of the fuel 
itself and results in high furnace exit gas temperatures 
and damage to refractories. In some processes, high fuel 
rates not only do not hasten transfer of heat to the ma- 
terial being processed, but also may cause actual dam- 
age to it. The use of insufficient fuel reduces tlie rate 
of heat transfer and prolongs process time, thereby in- 
creasing thermal losses. The optimum fuel rate for pro- 
tection either of the material being heated or the fur- 
nace refractories, and often for control of heating or 
production rate, is maintained in many types of furnaces 
by automatic temperature-measuring instruments which 
control the fuel rate by actuating electrical relays or 
other units which control the operation of motors, 
hydraulic systems, or other means for regulating valves 
which control the fuel rate. It would be impossible 
within the scope of these pages to discuss even briefly the 
many types of instruments and auxiliaries used for the 
automatic control of temperature; however, it may be 
stated that the instniments employed for measuring 
high temperatures in the steel industry operate on three 
main principles: (1) by measuring the intensity of radia- 
tion emitted by the hot furnace or object; (2) by meas- 
uring the minute electric current generated in a circuit 
composed of two wires of dissimilar metals, joined end 
to end, when one of the joints is heated (this is the 
principle of the thermocouple), and (3) by measuring 
the change in electrical resistance of conductors when 
heated to the temperature in question. 

Regenerators and Recuperators — Regenerators are 
used alternately to absorb heat from one fluid and then 
transfer it to another fluid; recuperators are used to 
transfer heat continuously from one fluid to another. 
The fluids referred to in these two definitions are: (1) 
hot, gaseous products of combustion which give up 
heat during pa.ssage through the regenerator or re- 
cuperator and (2) fuel gas or air for combustion which 
undergo heating while passing through the regenerator 
or recuperator. Regenerators are applied usually to fur- 
naces which can be fired alternately from the ends, the 
flow of gases through the furnace and regenerators being 
reversed by predetermined time and/or temperature 
cycles. Open-hearth furnaces, and many soaking-pit and 
batch-type reheating furnaces, are equipped with re- 
generators. Blast-furnace stoves also use die regenera- 
tive principle but operate over a much longer cycle and 
in a somewhat different manner than that practiced in 
other installations. In a blast-furnace stove, the checker 
brick is heated by burning a fuel exclusively for the 
purpose of heating the regenerator brick while In the 
open-hearth and other furnace installations the check- 
ers are heated by waste gases. In both cases, the heat 
stored in the regenerators is used to preheat air for the 
combustion of fuel in the furnace they serve. 
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Kecuperators have been applied in many cases to 
modern pit-, batch- and continuous- type reheating fur- 
naces, and to steam boilers. When applied to steam 
boilers, they are commonly called “air preheaters.” Re- 
cuperators are of three general types, classified accord- 
ing to the direction of flow of the waste gases and air, 
as follows; 

1. Counter-flow 

2. Parallel or co-current flow 

3. Cross flow 

Counter-flow is used to attain maximum air-preheat 
temperatures; cross-current flow to secure optimum 
heat-transfer rates (Btu per sq. ft. of recuperator sur- 
face per degree F temperature difference per hour). 
Parallel flow is used where it is desirable, such as in 
metallic recuperators, to maintain the temperature of 
the division wall between the two fluids ns uniform as 
possible throughout its length and to hold the tempera- 
ture of the hot end to a minimum. Generally, a combi- 
nation of the first and third types is applied to many 
steel-mill furnace applications where a refractory ma- 
terial is used to divide the two fluids. A comVjination of 
the two types is accomplished by baflling the flow of 
one of the fluids. In such designs, the general direction 
of flow of fluids exchanging heat is countercurrent and 
the flow in each baffled section is cross-current. Where 
the temperature of the waslc-gas from which heat is to 
be extracted is relatively low, say under 1800“ F, metallic 
tubes are generally used since they possess an advan- 
tage against leakage. High-temperature recuperators are 
generally constructed of a clay or silicon-carbide ma- 
terial. 

Wastc-Hcat Boilers — These imits are u.sed to obtain 
heat recovery when the practical limit of recovery has 
been obtained by regenerators or recuperators and there 
is still sufficient heat left in the waste gases to justify ex- 
penditures for waste-heat boilers. In modern large, sta- 
tionary open hearths, waste gases leave the regenerators 
at temperatures of approximately 1200'’ F, and from this 
level waste-heat boilers recover 30 to 33 per cent of the 
fuel used, converted into steam. Waste-heat boilers also 
are used sometimes in place of regenerators or recupera- 
tors, depending on conditions such as where preheated 
air is imdesirablc or where the generation of steam 
solves the problem of fuel conservation more satis- 
factorily. 

Waste-heat boilers are most applicable to high- 
temperature, continuous processes and have been used 
principally in the steel plant in connection with open 
hearths and, to a lesser degree, with reheating furnaces 
and soaking pits. Fire-tube and water-tube boiler types 
have been installed, the former being the preferred type, 
generally of horizontal, single-pass design. Approxi- 
mately 35 sq. ft. of boiler heating surface per ton of 
stationary open-heartli capacity, designed for high mass 
velocity of waste gases through the tubes to develop a 
scouring action for keeping the tubes clean and to pro- 
vide high heat transfer, is used normally. Waste-heat 
boilers usually are provided with superheaters and 
sometimes with economizers. 

Insulation — Thermal insulating materials have been 
used in steel plants for a great many years. There are 
many different kinds of insulating materials, each being 
mo.st suitable for a specific temperature level and for 
the degree of insulation desired. Early applications were 
made to enable a facility to function more satisfactorily. 
Insulating material, such as Kieselguhr, was used to 
line the shell of a blast-furnace stove to aid in the re- 
tention of heat for later use by the blast furnace. Steam 
lines were covered with asbestos or other material to 


prevent condensation of steam and consequent loss of 
power or trouble with blowing or mill engines. The 
value of insulating material to conserve fuel, to afford 
safer and more comfortable working conditions, to pro- 
tect materials susceptible to damage from heat and 
thermal strain, and to speed up furnace operations be- 
came evident and the progressive application of insulat- 
ing material to practically all facilities which employ 
heat has proven beneficial to steel-plant economy. The 
high thermal heads at which many steel-plant opera- 
tions are carried out are particularly conducive to the 
use of insulation for preventing large losses from radia- 
tion. In the modern steel plant, the use of insulation is 
justified in terms of fuel saved in boilers; stoves; open- 
hearth regenerators; reheating, pit, forge and annealing 
furnaces; steam, hot-blast and preheated-air lines; and 
many other miscellaneous facilities. In some operations, 
such as in the open hearth, the use of insulation is re- 
stricted by the temperature the refractories will stand; 
consequently, radiation losses are still very high. Heat 
lo.sses have been reduced in such cases by sealing 
cracks and openings in a furnace wall to prevent heat 
loss from radiation, exfilti'ation of gases and infiltration 
of cold air. Further progress in the development of 
high-temperature refractories will permit further insu- 
lation. The development of insulating firebrick in recent 
years is particuhirly significant to the fuel economy of 
furnaces which are operated intermittently. Many of the 
older furnaces are constructed of heavy refractory walls 
which must be heated up before the furnace is capable 
of producing at normal rates. The.se heavy furnace walls 
soak up considerable heat, which must be supplied by 
fuel. The replacement of these furnace walls with much 
lighter insulating firebrick permits heating up more 
rapidly because of less heat absorption, and permits in- 
creased production. 

Instruments, for measuring temperature, pressure, 
volume, weight, electrical energy, etc., are u.sed exten- 
sively in the steel industry as operating guides. They 
benefit fuel economy directly or indirectly. 




Chapter 4 

METALLURGICAL COKE PRODUCTION 


SECTION 1 

INTRODUCTORY 


Selection and Preparation of Coal for Coking — Coke 
is the term used to describe the residue from the de- 
structive distillation of bituminous coal. Structurally it 
is a cellular, porous compound which also is heter- 
ogeneous in both physical and chemical properties. The 
physical properties of metallurgical coke, as well as its 
composition, depend largely upon the coal used and the 
temperature at which it is carbonized. Not all bitumi- 
nous coals will form coke, and not all coking coals will 
give the same firm, cellular mass characteristic of coke 
suitable for metallurgical purposes. Some coals will 
produce an acceptable coke without blending with 
other coals, while others are usable only as constitu- 
ents of blends. Chapter 3 already has described how 
preparation of coals prior to coking is an important 
element in metallurgical-coke production. The type and 
method of operation of coking facilities also exert a 
profound inHuence on the quality and yield of coke for 
the blast furnaces. 

Kinds of Coke— There are three principal kinds of 
coke, classified according to the methods by which 
they are manufactured: low-, medium- and high- 
temperature coke. All of the coke used for metallurgical 
purposes must be processed in the higher ranges of 
temperature if the product is to have satisfactory physi- 
cal properties. Even with good coking coal, the product 
obtained by low-tempcrature carbonization (900® to 
1400® F) is unacceptable for metallurgical purposes. 

It is generally agreed that the most desirable blast- 
furnace coke is made from mixtures of high-volatile 
and low-volatile coals, pulverized and blended and then 
coked in ovens capable of heating the mass to a uni- 
formly high temperature. 

At the majority of coke plants, high-volatile coking 
coals are blended with low-volatile coals in varying 
percentages, depending on the particular coals, the pur- 
pose being to produce coke of high quality and yield. In 
the earlier days of the coke industry, some of the coking 
coals used were superior to those currently being car- 
bonized. Some progress has been made in the utilization 
of coals which expand and exert pressures on oven 
walls during coking. In addition, it is generally con- 
ceded that higher iish and sulphur coals are acceptable 
currently for coking purposes than in use in former 
years. In all probability the practice of blending coals 
has been one of the greatest single factors in the ex- 
tension of coal reserves usable for coking purposes. At 
present, laboratory scale tests are available which are 
capable of evaluating both the coking and expansion 
characteristics of individual coals or blends. A few 
plants retain the practice of using only a single coal for 
coking purposes while others use mixtures of high-, 
medium- and low-volatile coals for coke production. 


The practices followed in this respect are determined 
largely by economic considerations. 

The acceptability of a coal for metallurgical coke 
production depends on various factors relating to its 
chemical and physical characteristics as well as its eco- 
nomic availability. While laboratory tests can be used 
to develop data to permit evaluations in this respect, 
final appraisal can be determined best by actual full- 
scale plant test under exact conditions of their use. 

Factors Controlling Properties of Metallurgical Coke 
— Coke for blast-furnace consumption must be suf- 
ficiently firm and strong to resist shattering by handling, 
and crushing by the pressure exerted by the heavy 
blast-furnace burden. It should be free of dust and 
fines, and in pieces not too large for optimum speed of 
combustion. With a good coking coal, these physical 
properties can be controlled only moderately by the 
coking process. As the coal is heated, it becomes plastic 
at 660® to 890® F, forming a fused mass irrespective of 
its form when charged into the retort, and through this 
range of temperature, volatile matter is given off, 
rapidly at first, then more slowly up to about 1740® F. 
The coals making up a blend, so far as possible, should 
have about the same plastic range. Slow heating 
through the plastic range increases slightly the hard- 
ness of the coke. The size of the lumps of coke depends 
largely upon the thickness of the coal charge and 
whether or not it is heated from one or both sides. As to 
chemical composition, a good metallurgical coke will 
contain very little volatile matter — not over 2 per cent 
— and 85 to 90 per cent fixed carbon. The remainder is 
ash, sulphur and phosphorus. The phosphorus content, 
0.018 to 0.040 per cent for making Bessemer iron, prefer- 
ably should be low also for basic iron. Sulphur varies 
from 0.6 per cent to 1.5 per cent, but is desired as low as 
possible because coke is the chief source of sulphur in 
the pig iron produced. Standard specifications for 
foundry coke call for a volatile-matter content of 2 per 
cent, a maximum sulphur of 1 per cent, a maximum 
moisture of 3 per cent, ai d a minimum fixed carbon of 
86 per cent. Shatter and tumbler tests are also specified, 
but no standard for combustibility has been adopted. 
These requirements are controlled through selection of 
the coal, which should be low in sulphur, free from slate 
or removable refuse, and give an ash which has a 
moderately-high fusion point in a reducing atmosphere. 
The question of why coals coke is not fully understood. 

Methods of Manufacturing Metallurgical Coke — There 
are two methods for manufacturing metallurgical coke, 
known as the beehive, and the by-product or retort 
process. In the beehive process, air is admitted to the 
coking chamber in controlled amounts for the purpose 
of burning therein the volatile products of the cod to 
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generate heat for further distillation. In the by-product 
method, air is excluded from the coking chambers, and 
the necessary heat for distillation is supplied from ex- 
ternal combustion of some of the gas recovered from 
the coking process. With modem by-product ovens, 
properly operated, all the volatile products liberated 
during coking are recovered as gas and coal chemicals, 
and about 40 per cent of the gas produced is returned 
to the ovens for heating purposes. While the beehive 
process was the leading method for the manufacture of 
coke up to 1918, it now has been replaced largely by 
the by-product process. There are still places, however. 


where beehive ovens serve a useful purpose. This Is 
due to the fact that the beehive oven is more flexible in 
operation and capable of peak coke production more 
economically than the by-product type oven. As far as 
can be determined, the processes of manufacture have 
little effect on the quality of the coke for blast-furnace 
use. There is a difference in coking temperature of the 
two processes, that of the by-product being somewhat 
lower than the beehive. Beehive coke is usually larger, 
though not as uniform in size. In general, properly 
carbonized beehive and by-product coke are silvery 
gray in appearance when quenched with fresh water. 


SECTION 2 

THE BEEHIVE PROCESS FOR CARBONIZING COAL 

Construction of Ovens — ^As shown in Figure 4 — 1, the of a single row of ovens with retaining walls at both the 
name beehive is literally descriptive of the form and front and back; and (3) the double-block system, in 
construction of the beehive coke oven. Beehive coke which the ovens, in a double row, are built back to 
oven plants constructed in the past have followed three back or staggered with a retaining wall extending along 
general arrangements, as follows: (1) the bank system, the front of each row. Figure 4 — 2 illustrates the double- 
in which the ovens are built in single rows against a block system. 

bank of earth, natural or artificial, thus making it neces- Waste- Heat System — Early in this century, an oc- 
sary to build but one retaining wall along the front of casional beehive coke-oven battery, usually of the 
the ovens; (2) the single- block system, which consists banked ovens, was arranged for utilizing the waste heat 



Fig. 4—1. Ideal section of beehive coke oven in a single-block battery, showing refractory 
brick lining, the clay and earth fill, the arched door through which the coke is watered 
and drawn, and the trunnel head at the top through which the coal is charged and the 
volatile products escape. Vertical lines in the coke bed indicate the fissures that develop 
during coking, giving beehive coke its characteristic coltunnar structure. 
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(CUT-AWAY VIEW THROUGH TWO ADJACENT OVENS) 


Fig. 4—2. Schematic diagram showing arrangement of beehive ovens built according to the double- 
block system. 


from the products of combustion to generate steam. A 
large tunnel was constructed in the bank some 10 feet 
back of the ovens and parallel to the battery. This tun- 
nel was connected to each oven by a flue which con- 
ducted the hot gases out of the oven from an opening 
sufficiently above the side wall to prevent its being 
closed by the largest charge of coal. Each flue was pro- 
vided with a damper for closing off the draft during the 
period when the oven was being watered, drawn, and 
charged. From the battery, the tunnel passed to the 
boiler house, where branches conducted the hot gases 
through the fireboxes and flues of the boilers to a com- 
mon stack. The stacks used were about 100 feet in 
height to produce proper draft. During the coking 
period, the coal-charging hole on the ovens necessarily 
was kept tightly closed. Owing to the increased draft, 
these ovens were inclined to run at a little higher 
temperature than ordinary beehive ovens, causing the 
temperature in the tunnel to be high, sometimes reach- 
ing 2730* F. A maximum of about 20 horsepower per 
oven was generated from the waste heat from a battery. 
This method did not achieve widespread popularity in 
this country and was used only at a few plants. 

Charging— The ovens are charged as soon as practica- 
ble after drawing, in order that stored-up heat from 
the previous charge will be sufficient to start the coking 
process. New ovens must be heated up gradually to the 
coking temperature by wood and coal fires, after which 
small charges of coal for coking are used until the ovens 
reach normal working conditions. With the oven in 


readiness for charging, the door is partially bricked up 
and the charge is dropped through the trunnel head 
from the larry car above, leaving the coal in a cone- 
shaped pile in the oven. In order to secure uniform cok- 
ing of the coal, this pile must be leveled so that the coal 
will lie in a bed of uniform depth over the entire bot- 
tom of the oven. This leveling may be done by machine 
or by hand. In works not equipped with a machine, the 
leveling is accomplished by a large long-handled 
scraper, operated through the door of the oven, which 
is purposely bricked up to only two -thirds of its height 
at the time of charging. After leveling the coal, the door 
opening is then bricked up to within about inches of 
the top. 

Coking Process — ^The coking process begins very soon 
after leveling is completed, as the ovens retain enough 
heat in the brick of the walls and the loam backing to 
start liberation of the volatile matter from the coal. As 
more heat is absorbed by the coal charge, the tempera- 
ture of the oven soon reaches the “kindling” (ignition) 
point of volatile gases, which, in the presence of the air 
admitted to the oven, ignite with a slight explosion at 
first, and then continue to bum quietly in the crown 
of the ovens, or as small candlelike flames at the surface 
of the coking mass, thus supplying heat to continue the 
process. Coking proceeds from the top of the coal down- 
ward, so that the coking time depends mainly upon 
the depth of the coal. The generation of gas thus 
rapidly approaches a maximum, which is maintained for 
a period, then declines to practically nothing. The 
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burning of volatile matter during this period must be 
regulated by gradually closing up the opening at the 
top of the door for admission of air. This regulation is 
necessary to maintain the temperature at a maximum, 
and conserve coke, as an excess of air at the beginning 
of the coking period tends to cool the oven, and later 
consumes the carbon of the coke. The yield is also re- 
duced by improper leveling. If the coal is not of uniform 
depth in the oven, the thin portions coke through before 
the thick, and some of the coke of the thin sections is 
consumed while the coking of the thick portions is be- 
ing completed. On the other hand, if the process is 
slopped when the thin areas have coked through, there 
will be a loss due to uncoked butts on the thick areas. 
In the coking of bituminous coals in beehive ovens, 
coking proceeds downward from the top of the charge 
in which the coal, at increasing depths, passes through a 
plastic state as the temperature rises. This produces 
expansion and contraction of the charge with the result 
that the cake is ramified by a great number of irregular 
vertical fissures, thus giving it a long columnar struc- 
ture. These very irregular columns extend from the top 
to the bottom of the cake. This structure affords a means 
by which beehive coke can be distinguished from by- 
product coke. 

Watering and Drawing — At tlie end of the coking 
time, the brickwork closing the door is torn out, and 
the coke is watered out. Usually, this watering is ac- 
complished by a self-propelled spraying device. It 
consists of a tube or pipe a few inches shorter than the 
diameter of the oven, pivoted at the center to a feed 
pipe and perforated by two rows of holes on opposite 
sides, starting from the center. The holes are arranged 
to throw jets of w^ater horizontally, which causes the 
pipe to revolve. Where this device is not provided, the 
ovens are watered by spraying with a stream of water 


through the door of the oven. After watering, the coke 
may be drawn either by hand or machine. As the work 
is arduous, a machine known as the Covington coke- 
drawing machine is commonly employed. It is provided 
with a long arm fitted with a head, flat on the bottom, 
but inclined on the top, and a pair of hinged ears, or 
drawing lugs. Upon being pushed by motor into the 
oven, the head moves in advance of tlie drawing lugs, 
which lie flat, and raises the coke from the bottom of 
the oven. Upon the return, the lugs engage this loosened 
coke and force it through the door in advance of the 
head to fall upon a conveyor system that carries it to 
a screen, from which it passes to railroad cars. It is im- 
possible to remove all the coke with the machine, and 
what remains must be drawn out by hand upon the 
conveyor. In straight hand-drawing, the coke is drawn 
out into the yard and forked into barrows, which are 
used to wheel the coke into railroad cars. The forking 
and screening leave the coke free of smaller particles 
called breeze. 

Present Status of Beehive Process— The beehive 
process stiU hblds an advantage for certain peak re- 
quirements where the high investment cost of a by- 
product plant cannot be justified because of long in- 
operative periods. Beehive coke is usually made near 
the mine that supplies the coal, which in turn is deter- 
mined largely by the availability of coal which can 
be coked successfully in this type oven. 

Due to adaptability the coals used formerly were 
seldom pre-treated or blended with other coals. Be- 
cause of depletion of coals in these areas and due to 
the rather limited range of individual coals that are 
suitable for beehive-coke making, it is possible that 
this method will find decreasing future use tmless 
blended coals can be used economically or some process 
developed for recovery of waste gases. 


SECTION 3 

THE BY-PRODUCT PROCESS FOR CARBONIZING COAL 


The by-product procc.ss, being a true distillation 
process, involves the use of retort ovens. While there 
are many modifications, these ovens consist e.ssentially 
of three main parts; namely, the coking chambers, the 
heating chambers, and the regenerative chambers— all 
constructed of refractory brick. The coking chambers 
are rectangular in section, varying in general from 30 to 
42,0 feet in length, from 6 to 14 feet in height, and 12 to 
22 inches in width. From 10 to 100 ovens constitute a 
battery of ovens, in which coking chambers alternate 
with heating chambers so that, in cfTect, there is a heat- 
ing chamber on each side of each coking chamber. The 
regenerative chambers are underneath the heating and 
coking chambers. Separating walls, between regener- 
ators, also serve as foundation walls for the heating 
and coking chambers. The entire structure is supported 
either from the ground or by columns under a 
structural-steel base. The coal is charged through open- 
ings in the top of the oven, and the coke is pushed out 
from one end by a power-driven ram, or pusher, acting 
through the other end. All quenching or watering of 
hot coke is done outside of the oven. During the coking 
period, the ends of the oven are closed by refractory- 
lined doors, which must be constructed so as to effect 
complete sealing of the oven. The ovens first constructed 
in the industry provided a space between the door and 
the jamb which was filled with a special luting mixture 
prior to charging. Later several types of self-sealing 


doors were developed, which seal the opening when put 
in place and require no luting. To permit the escape of 
the volatile matter, which must undergo several differ- 
ent treatments to separate the various coal chemicals, an 
opening is provided through the top and at one or both 
ends of the oven. This opening is fitted with an offtake 
pipe, which in turn connects with the gas-collecting 
main for the battery. 

The combustion chambers consist of a great number of 
flues in order to promote uniformity of heating through- 
out the entire length of the oven. Ovens with both hori- 
zontal and vertical heating flues have been built but the 
latter has largely replaced the former in present instal- 
lations. While some of the older ovens employed the re- 
cuperative principle for preheating the air for combus- 
tion, modem practice demands the use of regenerative 
chambers, because the heat is better conserved and less 
gas is thereby required to heat the ovens. In the arrange- 
ment of these regenerators, two plans have been em- 
ployed. By the first plan, the regenerative chambers, two 
in number, are placed longitudinally beneath a whole 
battery of ovens; with this arrangement, the ovens of a 
battery are at right angles to the regenerators. Each end 
of each oven is connected to one of the regenerators. The 
flow of gases, obviously, must be reversed simultane- 
ously for all ovens in a battery when changing from one 
regenerator to the other. This precluded, to a great ex- 
tent, precise heat regulation for an individual or selected 
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group of ovens in a battery. This type oven did not 
achieve widespread popularity in this country. In the 
second plan, individual regenerators are placed under 
each oven. This plan permits control of the prcheated- 
air supply for combustion to individual vertical heating 
flues, and makes closer control of heating possible to im- 
prove uniformity of heat distribution, in conjunction 
with other refinements made practicable by this system. 
Another advantage of using individual regenerators is 
tiiat each oven is thus made more nearly an independent 
unit, and the operation of the whole battery is not liable 
to be influenced by one or two ovens that may be shut 
down for repair or other reasons. 

Heating of individual ovens is controlled so that the 
temperature at the base of the flues in which gas is being 
burned does not exceed 2600® to 2700® F, which is con- 
sidered the safe maximum temperature range to which 
coke-oven refractories should be subjected. With the 
flues operating within this temperature range, coking 
time depends upon the width of the oven, the nature of 
the coals being coked, and other factors. In general, a 
coking time is selected that will produce a uniform **skin 
temperature** of the block of coke in the oven of from 
1900® to 2000® F at the time the charge has been coked 
all the way through to the center. The “skin tempera- 
ture*' referred to above applies to the coke adjacent to 
the walls of the oven. The time required for coking coal 
under the above operating conditions will vary from 16 
to 20 hours, depending upon the factors already stated. 
Average time is about 17 to 18 hours. 

Modern Types of By-Product Ovens in the United 
States — In the steel industry in the United States, the 
transition from beehive to by-product ovens was ac- 
celerated with the start of World War I when the con- 
struction of by-product coke ovens was started in many 


locations in the eastern and central states. While some of 
the ovens erected at that time are still in operation, a 
large number either have been rebuilt “in kind** or re- 
placed with ovens of different design. The present popu- 
lar designs in the United States, largely named after 
either the designer or builder, are the Koppers, Hop- 
pers- Becker, Wilputte and Semet-Solvay. The chief dif- 
ferences in design of these four types involve the 
heating systems employed. Figure 4 — 3 illustrates 
schematically, by simplified sketches, how each type is 
healed. More detail is given in the text and in subse- 
quent illustrations. Ovens of these four designs comprise 
about 97 per cent of the by-product coking capacity in 
this country. 

Metallurgical coke, while still the primary product, no 
longer commands the almost exclusive consideration in 
oven design as in former years since the coal chemicals 
recoverable in the by-product process are in constantly 
increasing demand. 

The Koppers Oven — This type of by-product oven, 
more technically referred to as a regenerative, single- 
divided oven, was the most prominent around 1916 and 
many are stiU in operation. In a typical oven of this pe- 
riod (Figures 4 — 3, 4 — 4, 4 — 5 and 4—6), all parts except 
the foundation and battery top are constructed almost 
entirely of the best grade of silica brick. 

The majority of this type oven initially constructed in 
the United States had a coking volume of 500 cubic feet. 
The dimensions of these ovens were: length, 37 feet 
from face to face of the doors; height, 9 feet, 10 inches 
from floor to roof; and width, tapering from 17 inches 
at the pusher end to 19 inches at the discharge end. 
Usually four charging holes were provided in the top 
for admitting the coal charge, while a separate opening 
at one end provided an outlet for volatile matter. The 



Fic. 4—3. Schematic representation of the differences in firing methods employed in the four most common types of 
coke ovens. Individual flues are not shown, except for the Semet-Solvay oven. The firing procedures shown are 
for a single phase of heating which is reversed at the end of a specified period. 
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Fig. 4—4. (Above) Schematic section through coking chamber and regenerators and (below) 
section through combustion chambers, showing the paths of air, fuel gas and products of 
combustion in a Koppers 500-cubic foot coke oven. (See also Figures 4—3, 4—5 and 4—6) . 


oven is of the vertical-flue type with individual regen- the heating chamber, except the horizontal flue, into two 
erative chambers (Figure 4 — 6) . The heating chamber parts with sixteen vertical flues on the narrower end of 
has a total of thirty vertical flues (Figure 4 — 5) . They the oven and fourteen on the wider end. Each end, ap- 
are provided with openings to the regenerative cham- proximating half of the oven, may thus be heated alter- 
bers, the fuel gas mains, and to a large horizontal flue nately, and in practice the reversals are made auto- 
on a level a little below the top of the coking chamber, matically every half hour for each battery of ovens by a 
A dividing wall near the middle of the oven separates reversing mechanism controlled by an automatic timing 
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Fig. 4 — 5. (Above). Transverse section of Koppers regener- 
ative single-divided coke-oven battery. Section at left i.s 
through combustion chambers, that at right is through 
oven chamber. See also Figures 4 — 3, 4 — 4, and 4^ 6 
(Courtesy, Koppers Company, Inc ) . 


Fig. 4 — 6. (Left). Longitudinal section through part of a 
battery of Koppers regenerative single-divided by- 
product coke ovens. See also Figures 4—3, 4 — 4 and 4 — 5. 
(Courtesy, Koppers Company, Inc.). 
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SECTION A-A SECTION B-B SECTION C>C 

Fig. 4 — 10. Schematic sections showing paths of air, fuel 
gas and products of combustion in a Semct-Solvay coke 
oven. Upon rever.sal, the direction of the arrows in the 
upper drawing that indicate direction of flow of air and 
waste gas are reversed. 


device. Two large underground flues, one on each side, 
extending along both sides in front of, and parallel to, 
the battery and connected to the checker chambers by 


cast-iron air boxes, provide for escape of the products 
of combustion. These flues lead to a stack about 200 feet 
high at one end of each battery to furnish the draft nec- 
essary to draw the gases through the heating system. 
An idea of the magnitude of the structure may be gained 
from the fact that a single battery of sixty-four ovens 
contains the equivalent of about 2,500,000 nine-inch 
brick. 

The Koppers- Becker Oven— The Koppers-Becker 
oven employs a diflerent flue arrangement whereby the 
gas is burned on an entire wall simultaneously (both 
pusher and coke side) . The products of combustion from 
groups of two or more vertical flues of the “on” walls 
in which the fuel gas is burning enter short bus-flues 
and are thence conducted over the top of the oven 
through cross-over flues to a companion series of bus- 
flues whereby the entire “ofl” wall is simultaneously 
conducting waste gas to the regenerators. On reversal, 
the opposite conditions obtain. Since the flues in each 
wall (coke side to pusher side) are connecU'd only to 
the flues in its companion wall, there arc no crossover 
flues over every other oven and the battery thus is lim- 
ited to an uneven number of ovens (see Figures 4 — 7 
and 4— «). 

The Wilputtc Oven — The Wilputte oven is known as 
a double-divided oven, having two outer zones in the 
heating system and one double inner zone. In this oven, 
the gas is alternately burned upwards in the two outer 
zones with the products of combustion being carried 
down through the double inner zone and, on reversal, 
burned upwards in the double inner zone with the prod- 
ucts of combustion being carried down through the two 
outer zones (Figures 4 — 3, 4 — 9 and 4 — 14). 

The Semct-Solvay Oven — The Scmot-Solvay installa- 
tions have oven batteries employing horizontal heating 
flues (the other three types use vertical heating flues), 
wherein fuel gas is introduced at one end and waste gas 
drawn oil at the other end, with regular reversal of flow 
(Figures 4 — 3 and 4 — 10) . 


SECTION 4 

CONSTRUCTION AND OPERATION OF BY-PRODUCT OVENS 


For purposes of discussion, the difTerent principal 
parts of a by-product oven will be considered in the fol- 
lowing order; i.e., Coking Chamber, Heating System, 
Oven Doors, Gas -Collecting System, and Accessory 
Equipment. 

Coking Chamber — The dimensions of the coking 
chamber are in each case a compromise of many cor- 
related variables that will best suit the expected op- 
erations and produce the highest grade of product within 
practical limits. Past experience with coals of similar 
properties is the best guide, as there is no well defined 
academic method of arriving at definite oven dimensions 
for specific coals. 

In general, the average dimensions of the present day 
oven are from 10 to 14 feet in height, 30 to 43 feet in 
length, and 15 to 19 inches in average width. The ovens 
are narrower on the pusher side and have a taper of 
from 2 to 4 inches, according to the expanding or con- 
tracting properties of the coals to be coked. The ends of 
the oven are closed with brick-lined removable doors. 
The side walls, or liners, are built of first-quality silica- 
brick shapes set in silica mortar that forms a ceramic 
bond at the higher temperatures. The oven floor may be 
of first-quality clay blocks, though silica bricks ^ve 
been used for oven floors for many years. 


Inasmuch as most of the heat for the coking process is 
conducted through the oven liners, the coking really 
starts at the side walls and progresses through to the 
center of the coal charge. There is no fusing together of 
the charge at the center as can be seen in Figure 4 — 11. 
This feature limits the length of any piece of coke to half 
the width of the oven minus any shrinkage. The struc- 
ture of the coke mass at the end of the coking period is 
somewhat similar to two parallel slabs of irregularly in- 
terlaced pieces of coke that may be pushed from the 
oven by the pressure applied by the pushing ram with 
very little lateral pressure on the oven side walls. How- 
ever, the walls must have sufficient structural strength 
to resist a high lateral pressure in case the interlaced 
structure of the coke mass is broken up for any reason 
during pushing. All modern ovens, from a structural 
point of view, also are designed to prevent, as far as pos- 
sible, leakage of gases in either direction through the 
brickwork between the oven retort and the heating flues. 

For L brief period after the establishment of this by- 
product coke oven in the United States, there was a 
trend toward using narrow ovens, but the modem trend 
for most plants is towards use of wider ovens. There is 
also a trend toward more taper, pusher to coke side, in 
the oven chambers. This increased taper permits the use 
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Fig. 4 — 11. View of coke being pushed from 
oven, showing central line of cleavage 
and block-like structure of the coke. 


of a wider range of coals of varying characteristics, al- 
lowing for greater flexibility in making up blends for 
charging ovens whenever changing blends becomes nec- 
essary to utilize coals other than those normally used. 
In this way irregular blends may be processed with less 
danger of damage to the ovens or excessive operating 
delays by causing stickers. 

Stickers arc ovens that cannot be pushed in the normal 
manner due to excessive expansion during the process- 
ing, or coke of insufficient structural strength to hold 
tlie interlaced mass during pushing, thereby develop- 
ing a lateral component of the piishing force that greatly 
increases the side-wall friction. 

The coal is charged into the oven through charging 
holes provided in the roof of die oven. The oven retort 
and the heating system are designed for a coal charge 
of definite volume, having a level top surface a definite 
distance below the oven roof, usually one foot The 
number of charging holes and the physical characteris- 
tics of the coal have a definite bearing on the lime re- 
quired for charging the oven with coals. A minimum 
charging time is particularly desired for many reasons. 
To prevent escape of gases from the oven during charg- 
ing, it has now become standard practice at most plants 
to charge the oven on the main. As charging on the main 
is accomplished by steam-jet aspiration, which puts the 
oven retort under suction during the charging and level- 
ing period, it is impossible to prevent the introduction 
of some air into the gas recovery equipment. 

Excessive leveling tends to pack the coal along the 
top of the coal charge, particularly under the charging 
holes thxis increasing the bulk density and heat require- 
ments at this area. This has particular significance 
when using expanding coals. Excessive leveling may also 
cause local erosion of the oven wall. 


Heating System — The present-day heating systems of 
the more prominent ovens in this country fall into two 
general classes; the gun-flue type, shown in Figures 4— 
12a, b and c, and the under jet type, shown in Figures 
4 — 13 and 4 — 14. In the gun-flue type the gas is intro- 
duced through a horizontal gas-duct extending the 
length of each wall a little below the oven floor-line. 
Short connecting ducts lead vertically upward to a re- 
placeable nozzle-brick at the bottom of each of the 
vertical flues. In the underjet type, the fuel gas is in- 
troduced into each flue from the gas distributing piping 
in the basement of the battery through a circular gas 
duct built integrally into the regenerator division and 
flue supporting walls. Each of these separate burner 
pipes is equipped with an orifice and metering pin to 
permit control of gas to each flue. 

There are various designs of both general types, all 
attempting to heat the coal as charged at a controlled 
rale and temperature, uniformly from end to end of 
oven, and from bottom to top of charge (with the excep- 
tion of the top few inches which may be held slightly 
lower for the better control of coal-chemical recovery), 
and at the lowest rate of Btu’s per pound of coal carbon- 
ized. In the Koppers oven of 1917, as previously de- 
scribed, the coke-oven gas, stripped of various coal 
chemicals, is burned in all flues on the pusher side at 
once, the products of combustion passing into the hori- 
zontal flue and then down through the coke-side flues 
and regenerators to the stack. On reversal, the air is pre- 
heated in the coke-side regenerators and burns the gas 
in the coke-side vortical flues. The products of combus- 
tion are conducted through the horizontal flue to 
pusher-side flues where they are carried down through 
the pusher-side regenerators and to the stack. In the 
Koppers-Becker ovens the arrangement of the regen- 
erators beneath the ovens, as shown in Figure 4 — 15, is 
such that the ovens under the cross-over ducts have 
alternately one wall with gas on and one with gas off, 
while the ovens not under cross-over ducts have alter- 
nately both walls with gas on, and then both with gas 
off. This regenerator arrangement is in the interest of 
having a minimum number of walls operating under 
high differential pressure. Considerable care is taken in 
design to have the lowest possible differential pressure 
between the flues and ovens and between adjacent re- 
generator walls in order to prevent cross flow of gases at 
these locations. 

Another point in flue design of particular importance 
is the relative position of the gas inlet in the vertical flue 
in relation to the air port, and the manner in which the 
gas and preheated air are caused to be mixed. Excessive 
turbulence will result in too sharp combustion, and a 
short intense flame will cause local over-heating at the 
base of the vertical flue. 

For many years, oven operators and designers have 
felt that control of the rate of flame propagation and 
flame length in the vertical flues was desirable. Many 
suggestions were considered, the principal one of which 
was waste-gas dilution. The difficulties and expense as- 
sociated with the use of waste gas that had been per- 
mitted to cool below the dew point were prohibitive. 
A system of waste gas recirculation by jet aspiration 
has been used in the Koppers-Becker design (see Figure 
4 — 16) . By this device a fixed amount of hot, waste gas 
is mixed with the incoming fuel gas. By this recircula- 
tion used in the Koppers-Becker design (see Figure 4 — 
16), a fixed amount of hot waste-gas is mixed with the 
incoming fuel gas. By this recirculation the flame length 
may be controlled without purification of the waste gas 
and witliout having to heat the diluent as woiild be re- 
quired with external mixing. The ratio of recirculated 
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Flc. 4 — 12a. Transverse sections throupjh a Koppers- Becker combination 
ffun-flue type by-product coke-oven battery. (Courtesy, Koppers Com- 
T)any, Inc.), 


Fig. 4 — 12b. (Above) Enlarged sections through 
gas nozzles and air ports of a Koppers-Bccker 
combination gun-flue type of by-product coke 
oven, showing detail of part of Figure 4 — 12c. 
(Courtesy, Koppers Company, Inc). 


Fig. 4— 12c. (Left) Longitudinal section (left) through gas nozzles and 
(right) through air ports of a portion of a Koppers-Becker combination 
gun-flue type by-product coke-oven battery. 
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Fig. 4—13. Transverse sections through a Koppers-Becker underjet-fircd low-differential combination by-product coke 
oven. See Figure 4—15 for longitudinal section of part of a battery of ovens of this type. (Courtesy, Koppers Com- 
pany, Inc.) . 


waste-gas to oven gas is controlled by the orifice size 
and the fuel-gas pressure, and normally approximates 
a one-to-one mixture. 

Wa.ste-gas recirculation also prevents the accumula- 
tion of carbon in the under jet gas-ducts, as the contained 
carbon dioxide and water vapor both tend to inhibit car- 
bon deposition. In ovens not recirculating waste gas, air 
must be introduced into the gas ducts on the “gas off” 
periods for decarbonization. 

A feature of the Wilputte oven, shown in Figures 4 — 
3, 4 — 9 and 4 — 14, especially those of over 10 feet in 
height, is the high-low burner construction. Low burn- 
ers in alternating flues with adjacent high burners pre- 
vent overheating at the bottom of the flues and thus tend 
to give a better vertical distribution of heat. 

In the gun-flue-type oven, the changes of the nozzle 
brick which regulate the gas flow to the various vertical 
flues is done from the top of the battery. Immediately 
over each vertical flue, a duct is provided from the hori- 
zontal flue through the battery top and ending at a re- 
movable flue- inspection cap flush with the oven top. 
When necessary, the nozzles are removed and replaced 
through these ducts by long rods especially designed for 
this purpose. In the underjet-type oven, the same flue 
extensions are provided for flue inspection, but the gas 
flow is regulated by changing the orifice or metering pin 
in the accessible external fuel-gas piping in the oven 
basement. 


Where blast-furnace gas or other lean gases are used 
for oven heating, the regenerator system must be de- 
signed so that both the air and gas are preheated. In the 
Koppers-Becker oven, the regenerator chambers are so 
arranged that the fuel gases and waste gases are not re- 
generated m adjacent chambers but are separated by an 
air-rcgcncrating chamber. With this design, the effect 
of leakage across the high-differential pressure wall is 
minimized, as the incoming air and gas are under the 
same pressure and traveling in the same direction, and 
the high-differential-pressure wall is between the in- 
coming air and the outgoing waste-gas. 

When a lean gas, such as blast-furnace gas or pro- 
ducer gas, is used for oven heating, supplementary heat- 
ing with a higher calorific value gas may be needed in 
order to maintain coke production at as high a rate per 
oven operating hour as when firing with straight high- 
Btu gas. It is not practical to do this mixing before re- 
generation of the gas as the rich component of the mixed 
gas will be partially cracked passing through the re- 
generators and will cause an objectional deposition of 
carbon. To overcome this cracking tendency, the enrich- 
ing gas is externally diluted to the desired degree with 
lean gas and introduced through the customary fuel sys- 
tem. 

With the introduction of the under jet oven and the 
accurate proportioning of fuel gas necessary to each 
vertical flue, it is important that the reversing cocks, 
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Fic 4 — 14. General perspective “cut-away” drawing of a Wilputte combination underjet-fired by-product coke oven. 
The “rich” fuel gas referred to is coke-oven gas; the “lean” fuel gas is blast-furnace gas. Compare with Figures 
4—3 and 4—9. (Courte.sy, Wilputte Coke Oven Division, Allied Chemical and Dye Corp.) , 


lines, and orifices or metering pins be clean at all times. 
This is accomplished by cleaning the fuel gas with elec- 
trical precipitators located at each battery of ovens. 

After the electrical precipitators, and ahead of the 
battery fuel-gas mains, the gas is heated to assure its 
maintenance above the dew-point. On some of the older 
designs of the gun-flue type, the fuel-gas mains located 
in the alleys on both the pusher and coke side were in- 
sulated to limit the condensation in the headers and to 
keep the gas at a uniform temperature throughout the 
length of the header. This temperature control is im- 
portant as temperature change affects the density and 
specific heat of the gas and influences the uniformity of 
battery heating. 

In the gun-flue- type oven, the air required for com- 
bustion is taken into the sole flue at the base of the re- 
generator chambers through an air box equipped to 
regulate the amount of air taken from the alleys on both 
sides of the battery. In this arrangement the tempera- 
ture, the velocity and direction of the wind have a 
marked effect on the heating and must be compensated 
for by the heater. In the underjet type, the air for com- 
bustion is taken from the enclosed basement and is in- 
dependent of atmospheric wind velocity, direction, and 
temperature. 

In the Wilputte design of underjet ovens, the base- 
ments arc sealed and kept at a constant air pressure 
(slightly above atmospheric) by sensitive controls, with 
only the air required for combustion entering the base- 
ment through a wind tunnel extending along the entire 
length of the battery. A fan of sufficient size delivers air 
to the wind tunnel. Spaced along the length of the base- 
ment are suitable openings equipped with regulating 
louvers to distribute the air uniformly throughout the 


basement. In this design, only the air required for com- 
bustion is available for basement cooling. 

In Koppers-Becker imderjet-type ovens of a recent 
design for large batteries, the air for combustion is in- 
troduced in much the same manner as that just de- 
scribed, with the exception that from two to three times 
the air required for combustion is forced into the base- 
ment, the excess finding its way out through suitable 
openings around the buckstays on the pusher side (the 
wind tunnel being on the coke side of the basement). 
In this arrangement, from two to three times the air re- 
quired for combustion is circulated through the base- 
ment for cooling. In still later designs of this typo of 
oven, only the amount of air required for combustion is 
introduced into the basement. 

The effects of faulty heating may be serious, not only 
to the quality and quantity of the coke and coal chemi- 
cals produced, but also to the ultimate life of the ovens. 
The most serious damage to the ovens is local overheat- 
ing beyond the critical temperature of the exposed brick, 
when fluxing or slagging occurs. This usually occurs in 
zones that are not readily accessible for repair. The ad- 
vantages of an even and controlled heat throughout the 
oven cannot be overemphasized and remains a constant 
challenge to the engineer. 

When a new battery, or an old battery that has been 
allowed to go cold, is to be put into operation, great care 
must be taken in bringing the battery up to operating 
temperature. Since the major portion of the battery is of 
high-grade silica-brick construction, and silica brick has 
a high coefficient of thermal expansion at lower than 
operating temperature, it can readily be seen that the 
heating up must be slow enough to insure maximum 
temperature equalization throughout the entire battery 
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Fig. 4 — 15. Longitudinal sections tlirough part of 
a battery of Kopper.s-Becker combination un- 
derjet low-differential by-product coke ovens 
of the type illustrated in Figure 4 -13. Figure 
4—16 shows further details. (Courtesy, Koppers 
Company, Inc.). 


structure. In actual practice, the heating up from cold to 
carbonizing temperature takes from five to seven weeks. 
This same practice obtains in reverse when it is desired 
to allow a battery of ovens to go out of operation and 
cold. The cooling of the battery is a project to be under- 
taken only after full appraisal of all alternatives. 

The usual method of heating up a battery is first by in- 
stalling a temporary brick door at each end of each oven 
and burning gas in a burner inserted in the oven through 
an opening provided in the temporary door. The prod- 
ucts of combustion are allowed to enter the heating sys- 
tem at the horizontal or bus-flue elevation through suit- 
able openings provided for this purpose, which are later 
plugged and sealed. The hot gases during the drying- 
out period are vented down through the vertical flues 
and regenerators to the stack flue and stack. When the 
flues become hot enough to ignite fuel gas on reversal, 
the gas is introduced through the normal channels. 
Where gas is not available for heating up, coal or coke 
may be used by substituting a brick bulkhead for the 
oven door, leaving openings for firing and ash removal. 
The same type of false hearth is used to protect the oven 
liner-brick. After heating up, the false hearth and bulk- 
head are removed, and the oven door is installed. 




Fig. 4—16. (Top) Enlarged detail of an underjet gas-duct 
and air-port, and (Bottom) section through waste-gas 
recirculation duct of the Koppcrs-Bcckcr by-product 
coke ovens shown in Figure 4 — 15. (Courtesy, Koppers 
Company, Inc.) . 


Many controls of the heating system arc fixed in that 
they are built into the oven structure. The means of 
variable control are comparatively simple and to a great 
extent similar in all the modern ovens of the same type. 
In general, they consist of gas-pressure control in the 
headers; the size of nozzle, orifice, or metering pin used 
in the connections to the individual flues; stack-draft 
controls for the main stack -flue and for the individual 
ovens; combustion -air controls; various temperature 
controls and pyrometers. 

Oven Doors - As has been mentioned, the ends of the 
oven are equipped with removable refractory-lined 
doors. After a coal charge is fully coked and the oven 
dampered off the main, .suitable equipment on both the 
pusher and coke sides remove the doors and hold them 
during the pushing operation. After pushing, the doors 
are replaced and sealed preparatory to recharging the 
oven. 

Until recent years, the method of sealing the doors was 
to trowel and smooth ground “mud” into a V-shaped 
opening between the door and the door jamb. In recent 
years there have been developed .self-sealing doors that 
<lo not require luting. In principle, the self-sealing door 
has finally developed into a spring-loaded door that de- 
pends on a metal-to-metal contact between the door and 
the continuous machine-surfaced ca.st-iron jamb. The 
Wilputte design of self-scaling door is shown in Figure 
4 -17. The sealing edge of the door is carried by a flexi- 
ble frame, and the door assembly is so designed that a 
powerful .spring between each locking bar and the door 
forces the sealing edge against the metal door jamb with 
considerable pressure, thus preventing the escape of 
volatile products from the oven. The pusher-side door 
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Fig. 4 — 17. Wilputte design of self-sealing 
coke-oven doors, showing spring-loaded 
bars that maintain metal -to-mctal con- 
tact between the door and jamb. (Cour- 
tesy, Wilputte Coke Oven Division, 

Allied Chemical and Dye Corp.) 

IS also equipped with a somewhat similar small self- 
sealing door to permit leveling of the coal as charged 
and removal of any excess coal. 

Oven -door expense is a large factor in over- all oven 
repair and maintenance costs. This expense can be con- 
trolled by careful design of door-handling equipment 
and strict adherence to good operating practice. Die lin- 
ing of the door is usually sectionalized and made up of 
clay-brick shapes. In some plants the doors have a 
monolithic lining of lumnite cement made with an ag- 
gregate of various grades of crushed brick and ganister 
which give good service. The thickness of the lining, 
and the position of the inside face of the lining relative 
to the end vertical flue of the oven is important as it 
influences the heating of the ends of the coal charge. 

Gas -Collecting System— The oven may be equipped 
with one or two offtakes to carry off the volatile prod- 
ucts liberated in the coking process. Where one offtake 
is provided, it is through the roof of the oven at either 
end of the oven, and where two are provided, there is 
one at each end of the oven. In either case the volatile 
products pass through the duct or ducts in the oven top 
and enter a refractory-lined standpipe which in turn is 
connected to a collecting main through a damper- valve. 
Between the damper-valve and the oven the standpipe 
is equipped with a cap valve, marked “elbow cover” in 
Figures 4 — 18 and 4 — 19, which, when open, vents the 
oven to the atmosphere. The use of a double or single 
collecting main is still a question of no little debate 
among coke-plant operators, each system having its ad- 
vantages. 

The damper valve is usually a water-sealed valve, so 
designed that the cooling spray furnishes the seal when 
the damper valve is in the closed position, the excess 
spray overflowing into the collecting main. With this 
arrangement, the cooling spray is alwasrs on. The water, 
called flushing liquor, used in damper box and collect- 
ing-main flushing, is the condensate from the volatile 



Fig 4 — 18. Water-sealed damper valve of the design em- 
ployed by Kopper.s Company, Inc., through whose cour- 
tesy this drawing is reproduced. 



Fig. 4 — 19. Wilputte design of water-sealed damper valve, 
incorporating a Corliss-type valve in the bottom of the 
damper box. (Courtesy, Wilputte Coke Oven Division, 
Allied Chemical and Dye Corp.) . 
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products driven off in the coking procc?ss. This water is 
later processed by the coal-chemical division for the 
recovery of ammonia. Figure 4 — 18 shows a design of 
water-scaled damper valve as built by Koppers Com- 
pany, Irjcorporated. The Wilputte design, which may 
be S‘‘en in Figure 4 — 19, is somewhat different in that 
the valve is sealed by closing a Corliss valve in the bot- 
tom of the damper box which permits the spray to fill 
the box, thus sealing the damper. In addition to the wet 
type dampers, two dry type (not spray scaled) are in use 
a1 various plants; namely “dry butterfly” and the 
“mushroom” valve. All ovens of a battery are thus con- 
nected to a single or multiple pressure-equalized col- 
lecting main on either or both sides of the battery. 

The function of either the single or double collector 
main is not only to collect the gas from the ovens but 
also to maintain at all times an accurately-controlled 
pressure in the oven during the* coking process. Pressure 
in the oven during coking has a pronounced effect on the 
coke and coal chemicals. The pressure in the collecting 
main is usually kept at a point that will give about 1 mm. 
water-gage pressure at the bottom of the oven at the 
end of the coking period. It should not vary over plus 
or minus 1 mm. of water-gage pressure. The pressure is 
controlled by a regulator, usually of the Smoot or 
Askania type, located in the connection between the col- 
lecting main and the suction main which carries the gas 
to the coal-chemical recovery units. The collecting main 
also serves as a receiver for the products condensed 
from the gas by the flushing liquor. 

Recent installations of Koppers- Becker underjet bat- 
teries have been designed lor control of the temperature 
in the gas space above the coal charge. This has been 
accomplished by recirculating cooled raw coke-oven gas 
across the top of each oven above the coal charge by an 
artilicially induced differential pressure between the 
pusher-side and coke-side gas-collecting mains. This 
differential pressure is provided by variable speed fans 
installed in the cross-over main connecting the two gas- 
collecting mains. On some predetermined cycle the dif- 


ferential pressure is reversed to keep the pusher-side 
and coke-side temperatures in the oven tops in proper 
balance. 

The use of a patented principle, in which gas from 
newly charged ovens (in which a relatively high pres- 
sure exists) is drawn oft’ and passed through the space 
above the charge in ovens nearing the end of their 
coking periods (in which pressures are lower than 
average), is incorporated in ovens of recent Wilputte 
design. It is applied to ovens with double collecting 
mains, one main being used alternately with the other 
as a compensating main. In effect, one main is employed 
as a suction main on one side of the battery, with the 
other acting as a connection between the ends of all of 
the ovens on the other side of the battery, to a.ssist in 
equalizing pressures in the spaces above the chargc.s. 
These functions are reversed periodically. In addition 
to aiding in control of pressure in the ovens throughout 
a battery, the system also affords control of tempera- 
ture throughout the tops of the oven chambers to pre- 
vent overheating of the gas .space. The alternate use 
of each main as a suction main makes it possible to cause 
gas flow in either direction through the ovens near the 
end of their coking cycle so as to prevent overcooling in 
any particular area. In general, this system provides the 
same benefits as that described in the preceding para- 
graph, but by a different method. 

The gas, on entering the damper box, or, in the case of 
dry dampers, the collecting main, is shock cooled with 
a liquor spray which causes the first precipitation of tar 
from the gas. The amount of liquor sprayed is important, 
as it controls the temperature to which the gas is cooled. 
Too little cooling allows only the heavy tars to precipi- 
tate, which may cause pitch deposits in the damper box 
and collecting main. Too much cooling may throw down 
too much light tar, and may result in naphthalene stop- 
page in the primary coolers or diOlcully in tar dehydra- 
tion. Some plants are equipped to permit segregation 
of the tar condensed in the collecting and suction main 
as opposed to that condensed in the primary coolers. 


SECTION 5 

ACCESSORY OVEN EQUIPMENT 


Coal-Sioragc Bins and Charging Larries — To provide 
coal for the ovens, every modern plant has an overhead 
coal bin at the ovens of sufficient surge capacity to per- 
mit flexibility in coal preparation without interference 
to the scheduled uniform operation of the ovens. The 
number and size of bins required is determined for each 
individual plant. The location is determined from a 
study of each plant’s layout of operating units. 

All modem by-product coke ovens are designed to 
take a definite volume of coal per charge and are charged 
from a larry car operating between the overhead coal- 
storage bins and the ovens on a track supported by the 
battery top. Figure 4 — ^20 is a view of a battery top, and 
shows a larry car. 

The desired amount of coal for an oven charge is 
drawn from the storage bin, and is measured, usually 
by using either the track scales at the loading station, 
or by volumetric choke boxes on the larry car. Where 
track .scales are u.sed, the coal-bin gates over each hop- 
per of the larry arc usually hand operated. Where the 
separate hoppers of the larry, one for each charging 
hole, are equipped with volumetric choke boxes, the 
gates are usually linked together and power operated 
as all gates may be left open until the hoppers are full 
and the flow of coal is stopped by the choke boxes. 


The larry car in principle is designed in connection 
with the number of charging holes per oven so that a 
predetermined quantity of coal is charged into the oven 
through each charging hole, the discharge from each 
hopper being independently operated, cither manually 
or by power. 

Improvements in larry cars, particularly the method of 
discharging coal, have been directed toward making 
possible better charging practices. The aim has been to 
reduce the charging time; to reduce the number of 
passes of the leveling bar necessary for leveling; to make 
a smokeless charge; to prevent hanging up of the coal 
in the larry hoppers; and to make a uniform charge as 
regards bulk density. 

The gravity-discharge larry and the mechanically - 
unloaded larry are the two main types in use at the 
present time. The gravity-discharge larry is equipped 
with conical-shaped hoppers, shear gates and drop- 
sleeve mechanisms. Vibrators attached to the hoppers 
and stainless-steel liner plates may or may not be pro- 
vided, depending upon the physical condition and flow 
characteristics of the coal. With this type the coal charge 
flows by gravity into the ovens. There are two designs 
of mechanically unloaded larry cars in use at present; 
namely, the “turntable” and “screw discharge” types. 



METALLURGICAL COKE PRODUCTION 107 





Fin, 4 20. Larry car equipped with screw conveyor for discharge of coal into ovens. The battery shown is fitted with 
double collector mains. 


The turntable larry is equipped with a revolving table 
serving as the bottom of each hopper. The revolving 
table forces the coal through an opening in the side of 
the hopper leading to the shear gate and drop sleeve and 
thence to the oven. The screw- discharge larry is 
equipped with rectangular-shaped hoppers with the 
lower section tapering to a small opening directly over 
the screw trough. The trough contains the screw con- 
veyor which forces the coal horizontally to the vertical 
drop sleeve and shear gate section The hoppers are 
lined with stainless steel if adverse flow characteristics 
of the coal are encountered. 

The screw-discharge larry gives a slightly better per- 
formance on wet or fine coal but considerable difficulty 
is encountered with any foreign matter in the coal, 
whereas the gravity-discharge larry and turn-table 
larry have less trouble with foreign matter in the coal. 
The gravity-discharge larry gives slightly more trouble 
with fine or wet coal than cither of the other two types. 
The screw-discharge larry and the turn-table larry have 
much greater initial cost and greater total weight which 
is a source of potential damage to oven brickwork. The 
gravity-discharge larry is the least expensive initially 
and is the lightest of the three types. The screw- 
discharge larry is the most expensive to maintain, and 
the gravity-discharge, with vibrator and stainless steel 
hoppers, the least expensive to maintain. 

Pusher- Side Equipment — The pusher-side equip- 
ment shown in Figure 4 — 21 is generally similar on all 


types of ovens. The pusher may be a combination of 
three machines, a pusher, a leveler, and a door extractor 
so designed that it operates on a track parallel to, but 
independent of, the battery. In many plants, the door- 
handling equipment is a separate, self-propelled ma- 
chine, operating on its own tracks. 

The function of the door-extracting element of this 
machine is to remove and hold the pusher-side door 
during the pushing operation. It is either electrically 
and/or hydraulically operated from the elevated cab 
which contains all the machine controls. With self- 
sealing doors, an important feature of the door-extractor 
design is that its speed be relatively slow and ea.sily 
controllable and the alignment be accurate to avoid 
damage to the sealing edges of the door. Contained in 
the head of the extractor is a mechanism for latching 
the door and for compressing the loading-springs. 

The function of the pushing element (Figure 4 — 22, 
Diagram E) is to push the coke cake from the oven. This 
is done by an electrically-powered rack-and-pinion- 
operated ram, equipped with a suitable head that, when 
spotted immediately in front of the oven to be pushed, 
may be moved forward until all the coke has been 
pushed from the oven and through the coke guide into 
the quenching car. 

The ram is equipped with a rider-shoe located about 
5 feet behind the pushing head to support the ram dur- 
ing its passage through the oven. This rider-shoe is 
easily replaced as it is subject to considerable abrasion 
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Fig. 4—21. Pusher-side equipment of a battery of by-product coke ovens, showing Uie machine which is equipped to 
level the coal charge in the oven and also push the finished coke out of the oven, as well as remove and replace oven 
doors before and after the pushing operation. 


sliding over the brick floor of the oven, especially as 
there is always considerable coke breeze on tlie oven 
floor during the pushing and return. The ram is either a 
built-up box girder, “H” beam, or open-lattice elec- 
ti’ically- welded structure. The open -lattice construction 
seems to be currently in favor as it is more easily re- 
paired and resists the tendency to warp, due to more 
even cooling, regardless of wind direction. With the 
box-girder-type ram, it is necessary to have wind-and- 
rain guards for the ram in its retracted position. The 
pushing speed of the ram is about 60 feet per minute, 
and the maximum pressure exerted is controlled by 
overload relays to prevent damage to the oven brick- 
work. 

The function of the leveling element (Figure 4 — 22, 
Diagrams B and C) is to level the coal charge in the 
oven, leaving a free-gas space below the roof of the 
charged oven. This is done by an electrically-operated 
leveling-bar carried by the pusher-machine structure 
in such a position that it may be introduced through 
a suitable opening in the top of tlie pusher-side door. 
The leveling-bar is a fabricated section consisting of two 
side-plates held apart by vertical plates spaced at from 
2 to 4 feet which also serve as scrapers. When this bar 
is moved in and out of the oven, the scraper plates level 
the humps of coal into the valleys and, on removal from 
the oven, drag out all excess coal into a chute discharg- 
ing into a receiving bin carried by the pusher machine. 
This excess coal is periodically dropped into a ground- 
level hopper for return to the coal bunker. At some 
plants, the excess coal is returned by a conveyor to the 
next oven charged. 


The various platforms, control rooms, and operating 
cab of the pusher machine should be designed to facili- 
tate comfortable operation and accessibility for oiling, 
adjusting, and repair. Inasmuch as the three principal 
operations of the pusher machine always occur sepa- 
rately, one operator is all that is required. However, 
men known as door and jamb cleaners accompany the 
pusher and, in most cases, they also open and close the 
leveling door from the oven pusher-side bench and clean 
up any coal and coke spillage. 

Where self-sealing doors are not used, it is necessary 
to provide equipment for the preparation of luting mud 
and for conveying the luting mud to the doors to be 
luted. The mud is usually prepared in the conventional- 
type wet pug mill from returned luting mud, coke breeze 
cleaned from the oven benches, and certain amounts of 
fresh clay. The mud buggies, or carriers for the pusher 
side, are usually electrically-operated and suspended 
from an overhead track, and are equipped with bins and 
platforms at two or three levels, according to the oven- 
door height, so that the luterman can easily trowel the 
mud required to seal the oven door. 

With self-sealing doors a motorized buggy is some- 
times provided to facilitate manual cleaning of doors 
and door jambs. Recently-developed buggies are 
equipped with elevators and heat shields. 

The pusher side of the battery is equipped with a 
bench serving as a walkway along the entire length of 
the battery and as a working platform for men serving 
the pusher-side doors and jambs. Until recent years, the 
level of this bench was a few inches below the level of 
the oven floor and could not be protected by hand rails 
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CHARGING, LEVELING AND PUSHING OPERATIONS 
IN ONE COKING CYCLE OF A BY-PRODUCT COKE OVEN 


PUSHER 

- 


nrir“ 

‘“V 

A. THE CHARGING LARRY, WITH HOPPERS CONTAINING MEASURED AMOUNTS OF COAL, IS IN POSI- 
TION OVER CHARGING HOLES FROM WHICH COVERS HAVE BEEN REMOVED. THE PUSHER HAS 
BEEN MOVED INTO POSITION. 







a THE COAL FROM THE LARRY HOPPERS HAS DROPPED INTO THE OVEN CHAMBER, FORMING 
PEAKED PILES. 



a THE LEVELING DOOR AT THE TOP OF THE OVEN DOOR ON THE PUSHER SIDE HAS BEEN OPENED, 
AND THE LEVELING BAR ON THE PUSHER HAS BEEN MOVED BACK AND FORTH ACROSS THE 
PEAKED COAL PILES TO LEVEL THEM. THE BAR NEXT IS WITHDRAWN FROM THE OVEN, THE 
LEVELING DOOR AND CHARGING HOLES ARE CLOSED, AND THE COKING OPERATION BEGINS. 


COKE GUIDE 

QUENCHING 

CAR 


\ 
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COKE 
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Q COKING OF THE COAL ORIGINALLY CHARGED INTO THE OVEN HAS BEEN COMPLETED (IN ABOUT 
18 HOURS) AND THE OVEN IS READY TO BE "PUSHED." THE OVEN DOORS ARE REMOVED FROM 
EACH END, AND THE PUSHER, COKE GUIDE AND QUENCHING CAR ARE MOVED INTO POSITION. 



E. THE RAM OF THE PUSHER ADVANCES TO PUSH THE INCANDESCENT COKE OUT OF THE OVEN, 
THROUGH THE COKE GUIDE AND INTO THE QUENCHING CAR. 


Fig. 4 — 22. Schematic representation of the sequence of operations involved in charging, leveling and pushing in one 
coking cycle of a by-product coke oven. 
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Fig. 4—23. Door-extracting machine and coke guide operating on tracks on the coke-side bench of a coke-oven battery. 


in any practical manner on account of clearance for 
the pusher ram. It is now general practice to lower the 
bench about to 3 feet below the oven -floor level so 
that the pusher ram may pass over the top of a railing. 
The benches are similarly lowered on the coke side. 

The main operating units referred to above, and their 
functions, are illustrated schematically in Figure 4 — ^22. 

Coke-Side Equipment— The coke side of the battery is 
equipped with a door- extracting machine, coke guide, 
and, when using luted doors, a luting buggy. The coke- 
side equipment operates on a track integral with the 
coke-side bench, as shown in Figures 4 — ^22 to 4 — ^24, in- 
clusive. 

The function of the door machine is to remove and 
hold the coke-side door during the pushing of an oven 
and to place an attached coke guide in the proper posi- 
tion to conduct the coke across the bench into a quench- 
ing car operating on a ground level track which is paral- 
lel with the battery. 

The design and operation of the door extractor is gen- 
erally similar to the door extractor of the pusher ma- 
chine. Recent developments place the extracted door 
behind a heat shield and have details of design that fa- 
cilitate easy door cleaning. 

The coke guide is attached to the door-extractor ma- 
chine by a disconnecting coupler. It is conducted along 
the coke-side bench. At modem plants, the coke guide 
is equipped with a movable lattice framework that is 


power-operated from the door machine. When spotted 
at the oven to be pushed, this movable framework is 
moved into the space between the buckstays and against 
the door jamb, thus preventing coke spillage at this 
point during pushing. As this part of the guide is sub- 
ject to the greatest wear, it is designed for ease of re- 
placement and is constructed of metal that will resist 
heat and wear. 

On plants using luted doors, the coke side is provided 
with motorized luting buggies, generally similar in de- 
sign and operation to the pusher-side luting buggies. 

Quenching Station — ^There are two methods of 
quenching the hot coke that is pushed from ovens, 
namely, wet quenching and dry quenching, the latter 
being used more extensively in European countries than 
in the United States. All but one or two plants in the 
United States wet quench, principally for economic and 
operational reasons. In dry quenching, this sensible heat 
is used for the production of steam for general plant 
use; this will not be discussed here, except to state that 
it is accomplished by dumping the hot coke into a closed 
system where the recirculation of inert gas conducts the 
sensible heat from the coke to a low-pressure boiler un- 
til an equilibrium is reached within practical limits, and 
the coke is below the ignition point in air, at which time 
the coke is discharged for screening and loading. 

Wet quenching in most modem plants is accomplished 
by receiving the charge of hot coke from the ovens in 
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Fic. 4 — 24. Coke side of a battery of by-product coke ovens 
during the process of pushing the coke out of one of the 
ovens. The quenching car is self-propelled, and carries 
the coke to a quenching station where it is sprayed with 
water before being dumped on the coke wharf. 


the quenching car, which is conducted to a quenching 
station by an electric locomotive, where it is quenched 
with water. The car is then taken to a coke wharf where 
the coke is discharged. The handling of the coke from 
the wharf will be discussed later. 

The quenching car is designed so that by moving the 
car during the pushing operation the coke is caught in a 
relatively uniform bed about two feet thick on the slop- 
ing bottom of the car (Figure 4—24). The power- 
operated gates, cither electric or air, at the low side of 
the sloping bottom are so designed and arranged that 
the quenching water not evaporated may readily drain 
from the car. When the charge of hot coke has arrived 
at the quenching station, it is spotted under a system of 
stationary sprays located in the quenching tower. The 
operator starts the quench by remote control. The pur- 
pose of quenching is obviously to rapidly cool the coke 
to stop any further combustion. However, it must be 
recognized that coke of low-moisture content is desired. 
This is accomplished by so arranging the sprays and the 
time of quench that sufficient heat will remain in the 
center of the individual coke lumps to dry excess sur- 
face water. The usual practice is to aim at 2^ per cent 
average moisture in the metallurgical coke after screen- 
ing. 

Most modem plants, of necessity, quench with con- 
taminated water as there seems to be no other practical 
method of disposal of these waters. It is therefore neces- 
sary to design the quenching station in such a way that 
all such waters can be recirculated until evaporated. 
This is done by pumps delivering water from a contami- 
nated water sump to the spray lines and returning the 
tinevaporated water to the sump. Any makeup above the 
plant production of contaminated water is fresh water. 

Instrumentation and Control — Most instrumentation 
around the ovens is confined to the heating facilities. 
As has been mentioned, the variable controls of indi- 
vidual ovens of a battery are so adjusted that master 
controls may be installed for each battery of ovens. In 


Fig. 4—25. General view of 
a coke wharf, showing 
freshly quenched coke 
being discharged from 
the gates of the quench- 
ing car onto the brick- 
paved, sloping wharf. 
When the wharf gates 
are opened, coke slides 
down the wharf as at 
the lower left onto a 
conveyor belt that car- 
ries it to the screening 
station. 
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this manner, single machines, meters, gages, and other 
devices control the various functions of the battery heat- 
ing system after the individual-oven controls have been 
adjusted and connected. Thus, the gas required for un- 
derfiring is metered in the battery header only. The 
choice of a flowmeter for this service will be influenced 
in large part by its accuracy over a wide range of flow. 
The meter should be recording, preferably one adapted 
to a uniform graduated chart for reasons of legibility 
and computation facility. It is also necessary to control 
accurately the pressure in the fuel-gas main with an in- 
strument capable of close control at relatively low pres- 
.sures. It may be desired to have a recording of these 
pressures. A recording thermometer is also installed in 
the fuel-gas header so that tlie gas quantities may be 
computed to standard conditions. The battery is also 


equipped with recording draft gages, waste-heat record- 
ing thermometers, and various indicating gages. Portable 
pressure gages, thermometers, and pyrometers are used 
in the setting of individual- oven controls. Another in- 
strument used by the heaters is a portable pyrometer 
with which periodic temperature readings are taken of 
the flues and emerging coke. Probably the most widely 
accepted pyrometer is of the incandescent-filament type. 
Recording pressure and temperature gages are also in- 
stalled in the gas-collecting mains. 

Many plants record the regularity of oven operation 
by some related activity, such as the time of pushing, 
by the peak-load recording of the pushing-power cir- 
cuit, or by a recording of the time of quenching of each 
charge. All utilities have the usual types of instrumenta- 
tion. 


SECTION 6 

COKE SCREENING AND HANDLING 


Coke Wharf — The coke wharf receives the quenched 
coke from the quenching car where it is spread out in a 
thin bed for quick drying and visual inspection for un- 
quenched coke. For obvious reasons such spots must be 
hand quenched before it is conveyed on rubber belts to 
the screens. Figure 4 — 25 shows a view of a modern 
coke wharf. It is substantially a long, narrow inclined 
platform with the shorter dimension sloping away from 
the quenching-car track towards a belt which runs along 
the lower side of the structure. A properly designed 
wharf should be of such size that it will serve as a surge 
storage for quenched coke ahead of the screens so that 
short delays incidental to screening and loading opera- 
tions will not interrupt the desired regularity in oven- 
pushing sequence. Most modern wharfs are paved with 
hard-burned clay brick, although some plants use cast- 
iron plates and even refractory concrete for the pur- 
pose. 

The coke is retained on the wharf by a series of hand- 
operated gates which, when opened, permit the coke to 
slide down the wharf and onto the belt conveyor to be 
delivered to the screening station. 


Conveyor System for Coke — The transfer of coke from 
the wharf to the screening station is accomplished now 
almost universally by a system of rubber-belt conveyors 
and chutes. 

Screening and Crushing — The purpose of coke screen- 
ing and crushing is to provide a controlled size of coke 
for blast-furnace use from which fines and, in some 
cases, pieces over a set maximum size, are removed. The 
latter are crushed and screened before use. The very 
small sizes, commonly called coke breeze are usually 
used in the coke plants as a boiler fuel or screened for 
domestic trade. 

Storage and Shipping— In the loading of furnace coke 
and the subsequent transportation to the blast furnaces, 
care must be taken to prevent additional breakage. For 
this reason, the coke is loaded into railroad cars and, 
where practical, is consigned directly to the blast fur- 
naces, as additional handling into and out of stock re- 
sults in inevitable coke degradation. Where tlie blast 
furnaces arc located close to the coke plant, belt con- 
veyors are often used to conduct the coke from the 
screening station to the blast-fiimace bins. 


SECTION 7 

LIMITATIONS AND FUTURE OF BY-PRODUCT COKING 


Perhaps the most important over-all consideration 
that should be kept continually in mind in designing by- 
product coke ovens and the various auxiliary equipment 
is that the great majority of design features incorporated 
in the battery construction cannot be altered during the 
20 to 30 years of battery life. It is, therefore, imperative 
that design as well as construction be of the highest 
quality. While theory must naturally play an important 
part in this design, it is well not to overlook the fact 
that, since the coking characteristics of the coals to be 
used have such a vital effect on oven design, empirical 
data developed from actual experience with similar coals 
is invaluable. 

While it is true that the great majority of design work 
required for by-product coke-oven construction is nec- 
essarily carried on by the builders, the engineering work 


required of the operating company and plant organiza- 
tions is of sizable amount and of tremendous importance. 
In the first place, the builders of coke ovens have always 
been extremely receptive to suggested improvements, 
and many have been incorporated in modem oven con- 
struction. Secondly, there is considerable latitude in the 
selection of type and size of ovens, in auxiliary equip- 
ment, and particularly in facility layout, all of which re- 
quire intelligent action on the part of the operating com- 
pany. And finally, the incentive to produce products of 
higher quality at reduced costs, coupled with the experi- 
ence gained through actual operation, repair, and main- 
tenance of the by-product coke-oven facilities, places 
the organizations of the operating companies in an in- 
creasingly important position in furthering the advance- 
ment of coke-plant design. 



Chapter 5 

RECOVERY COAL OF CHEMICALS 


SECTION 1 

INTRODUCTORY 

Chemical Nature of Coal — Coal is the remains of mafic hydrocarbons and methane occur in the stage 

vegetable matter which has been partially decomposed above 1296° F (700° C). Decompositioii of the complex 

in the presence of moisture and the absence of air and nitrogen-containing compounds produces ammonia, hy- 

subjected to variations in temperature and pressure by drogen cyanide, pyridine bases and nitrogen, (c) 

geologic action (see Chapter 3). It is a complex mix- Progressive removal of hydrogen from the residue in 

ture of organic compounds, the principal elements of the oven produces hard coke. 

which are carbon and hydrogen with smaller amounts During carbonization, about twenty to thirty per 
of oxygen, nitrogen, and sulphur. The ash consists pri- cent by weight of the initial charge of coal is evolved as 

marily of inorganic compounds which became imbedded mixed gases and vapors which pass from the ovens into 
in the coal matrix during the coalification process. the collecting mains and are processed through the coal- 

The molecules making up coal are basically composed chemical recovery section of the coke plant to produce 
of groups of hexagonal carbon rings with attached coal chemicals. When the production of coke is accom- 
hydrogen atoms. In addition, some five-membered car- plished in modern by-product coke ovens with equip- 
bon rings and carbon chains arc attached to the six- ment for recovering the coal chemicals, one net ton 
membered carbon rings. The chemical structure may be of coking coal in t 3 q)ical American practice yields about 
pictured as an aggregate of “mosaics” consisting of the following proportions of the several coal chemicals 
cyclic groupings of carbon and hydrogen with six- and coke, depending upon the type of coal carbonized, 
membered rings and side chain linkages; multi- carbonization temperature and method of coal-chemical 


molecular structures in which component rings are recovery: 

joined together. These compounds like most of those in Blast-Furnace Coke 1,200-1,400 lb. 

animal and vegetable life are unstable when subjected Breeze 100-200 lb. 

to a high degree of heat or thermal treatment. Coke-Oven Gas 9,500-11,500 cu. ft. 

Since coal may be considered as a hydrocarbon, it Tar 8-12 gal. 

reacts in the same manner as other organic compounds Ammonium Sulphate 20-28 lb. 

of this type. When heated to high temperatures, in the Ammonia Liquor 15-35 gal. 

absence of air, the molecule breaks down to yield gases. Light Oil 2.5-4 gal. 

organic compounds of lower molecular weight and a 


relatively non-volatile carbonaceous residue (coke). The coke-oven gas contains the fixed gases so classi- 

Products of Coal Carbonization— Although the oxides fied because they are gases at 760 mm. pressure and 
of iron may be reduced to metallic iron by many agents, 60® F (15.5° C). They are hydrogen, Hs; methane, CH«; 
carbon (directly or indirectly) is the reducing agent ethane, CaH«; carbon monoxide, CO; carbon dioxide, 
found to be best suited for the economical production C 02 ; illuminants which are essentially unsaturatod 
of iron. Carbon of suitable reactivity and physical hydrocarbons, such as ethylene, CalL; propylene, CbIL; 
strength was at one time produced from wood by distil- butylene, CJL; and acetylene, CaHs. Other compounds 
lation, yielding wood charcoal; but for operation of a present are hydrogen sulphide, HaS; ammonia, NHh; 
modem large blast-furnace the carbon required for the oxygen, O 2 ; and nitrogen, Na. 

smelting of iron is obtained from the destructive dis- Other substances in the raw gases and vapors leaving 
tillation of selected coking coals at 1650 ° F to 2000 ° F. the ovens, which are liquids at ordinary temperatures. 
Such distillation of coal (carbonization) in the absence are: 

of air results in the evolution of gases and vapors, (a) Ammonia Liquor (primarily the water condensing 
leaving a coke residue in the oven. from the gas), which is an aqueous solution of am- 

The reactions occurring during the carbonization of monium salts of which there are two kinds — free and 
coal for the production of metallurgical coke are com- fixed. The free salts are those which are decomposed on 
plex. The process can be considered as taking place in boiling to liberate ammonia. The fixed salts are those 
three steps: (a) Primary breakdown of coal at tempera- which require boiling with an alkali such as lime to 
tures below 1296 °F (700° C), yields decomposition liberate the ammonia. 

products some of which are water, oxides of carbon, (b) Tar, which is the organic matter separating by 
hydrogen sulphide, hydroaromatic compounds, paraffins, condensation from the gas in the collector mains. It is 
olefins, phenolic, and nitrogen -containing compounds, a black, viscous liquid, a little heavier than water. From 
(b) Secondary thermal reactions among these liberated it the following general classes of compounds may be 
primary products as they pass through hot coke, along recovered: pyridine, tar acids, naphthalene, creosote oil 
hot oven walls and through highly-heated free space in and pitch. 

the oven involve both sjmthesis and degradation. A (c) Light Oil, which is a clear yellow-brown oil with 
large evolution of hydrogen and the formation of aro- a specific gravity of about 0.880. It contains varying 
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amounts of coal-gas products with boiling points from 
about 40 “ C to 200 ® C and from which benzene, toluene, 
xylene and solvent naphthas are recovered. 

In the recovery of coal chemicals (Figure 5 — 1), the 
first step is the recovery of the basic crude materials 


(coke-oven gas, ammonia liquor, tar and light oil) as a 
primary operation in accordance with commercial prac- 
tice. Secondary operations consist of the processing of 
these primary products to separate them into their com- 
ponents. 


SECTION 2 

COLLECTION OF VOLATILE PRODUCTS FROM OVENS 


Collecting Main and Suction Main — In the collection 
ystem for the recovery of the volatile products from 
coal, the first operation reduces the temperature of these 
products generally referred to as foul gas. This takes 
place in a system of gas mains through which the foul 
gas passes. 

The foul gas passes out of the oven chamber through 
a refractory-lined ascension pipe and into a gooseneck 
which connects into the collecting main through a 
damper valve. The collecting main serves an entire 
battery of ovens, running parallel with the battery and 
extending above it on one side or on both sides de- 
pending on whether it is a single or double collecting- 
main operation. 

The gas and vapors ordinarily leave the oven at 
temperatures in the range 1100-1300 '’F (600-700® C), 
and are shock-cooled by spraying with flushing liquor 
in the goosenecks and further cooled by spraying again 
with flushing liquor at different points along the col- 
lecting main. The temperature of the gas and vapors at 
the point of exit from the collecting main is 295 to 420 ® F 
(145 to 215® C). The cooling is effected by the evapora- 
tion of a portion of the water from the flushing liquor 
which removes some of the sensible heat from the gas 
and condenses some of the vapors with the resultant 
condensation of the heavy tar. 

The gas and remaining vapors pass from the collecting 
main through one or more cross-over mains into the 
suction main. A pressure -regulating valve, automati- 
cally controlled, is located in each cross-over main. After 
the gas and vapors have passed this control valve their 
temperature drops to 175 to 212® F (80 to 100® C), as a 
rt?.sult of atmospheric cooling and further evaporation of 
the flushing liquor. 


The flushing liquor, used for cooling in the spray 
system, is liquor which has been condensed in the 
mains, collected and recirculated, amounting to 800 to 
1,000 gallons per ton of coal carbonized. The flushing 
liquor, which cools and condenses various vapors in the 
gas, provides a carrying medium for the condensable 
tars and other compounds formed in the operations. 
These liquid materials flow from the collecting main 
through a seal into a downcomer and are delivered 
through the return flushing liquor lines to a collecting 
unit customarily called a hot tar drain tank (Figures 
5—1 and 5 — 2), described in Section 3. 

The uniform flow of gas and vapors into the system is 
accomplished by the charging of coal into the ovens at 
regularly prescribed intervals and the withdrawal of the 
evolved gases at a constant rate. This constant rate of 
removal of the gas is controlled by the automatic pres- 
sure regulator in the cross-over main. This pressure 
regulator provides a slight pressure of about one milli- 
meter of water at the base of the oven prior to pushing. 
This control of pressure is for the purpose of eliminating 
the infiltration of atmospheric air or gases from the 
healing system into the oven, which would have a del- 
eterious effect on the quality and quantity of the coke 
and coal chemicals. 

As a consequence of this practice the pressure on the 
collecting main is about eight to twelve millimeters of 
water with a variable suction of about two to three 
hundred millimeters of water in the cross-over main 
after the regulating valve. 

These pressure differentials are maintained by the 
use of either low speed positive turbo or centrifugal 
type exhausters designed to remove the gases and 
vapors at a controlled rate. 


SECTION 3 

RECOVERY OF CRUDE COAL TAR 


Hot Tar Drain Tank — ^The hot tar drain tank (Figure 
5 — 2) serves a two-fold purpose in the processing of 
the liquid condensates and recirculating liquor in the 
primary liquid system: 

(a) To provide a settling basin in which the velocity 
of the tar and liquor is reduced to permit separation of 
the tar and liquor by the difference in specific gravity. 

(b) To serve as the first settling point for carbona- 
ceous and other finely divided material that is carried 
along with the tar and liquor from the collecting main. 

There are several designs of hot tar drain tanks, but 
in general they consist of a rectangular tank divided 
into several compartments. In the first compartment the 
tar and liquor overflows a baffle into the main compart- 
ment. At this point an appreciable quantity of the car- 
bonaceous sludges is collected as a residue. The tar 
and liquor pass into the main settling compartment 
where they separate into two layers. The tar settles to 
the bottom, due to its higher specific gravity, and flows 


through a decanter pipe due to a hydrostatic head that 
is controlled by the level of the total liquid in the tank. 
The rate of tar removal is regulated by an adjustable 
weir located in the top of the decanter. The tar flows 
by gravity to a tar compartment of the hot drain tank, 
from which it is pumped periodically to tar-storage 
tanks. 

Normally the tar recovered from the hot tar drain 
tank contains 2 to 5 per cent water. When the water 
content of the tar is in excess of 5 per cent further de- 
cantation or centrifugalizalion may be required to 
separate the water from the tar. If further separation 
between the tar and liquor is required and can be ob- 
tained by gravity separation, a tar separator tank or 
decanter is placed in the proce.ss lineup prior to the 
tar and liquor storage tanks. The mixture of tar and 
liquor is pumped from the tar compartment of the hot 
drain tank to approximately the middle section of the 
separating tank. Here the same process takes place as 
described for the separation of tar and liquor in the 
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Fic. 5 — 2. Schematic representation of a flushing-liquor decanter tank or hot tar 
drain tank. 


settling compartment of the hot drain tank. The tar 
flows from the bottom of tlie tank through a decanter 
pipe by hydrostatic head (controlled by the level in the 
tank) to a tar-storage tank, while the liquor overflows a 
fixed weir plate into a liquor-storage tank. The overflow 
liquor from the weir plate provides flushing liquor for 
the sprays in the goosenecks (damper sprays) and in 
the collecting mains on the ovens. All of the liquor in 
excess of the flushing requirements is pumped to storage 
tanks and further processed for the recovery of am- 
monia and phenol. It is necessary to take a hot drain 
tank out of service periodically for cleaning, as the ac- 
cumulation of finely divided carbonaceous sludges re- 
duces the capacity of these facilities for separation of 
tar and liquor. 

The more recent developments in the design and 
construction of hot tar drain tanks have incorporated a 
rotating drag scraper for the continuous removal of the 
accumulation of solids from the settling compartment. 
This eliminates a protracted out-of-service period for 
cleaning this equipment. 

Primary Cooler — The non-condensed gas and vapors 
leaving the collecting and .suction mains at a tempera- 
ture of 167-176'’ F (75-80 “O require further cooling 
to 95 ® F (35 “ C) to remove additional tar and a major 
portion of the water vapor and to reduce both the 
volume and temperature of Ihe gas before its admission 
to the exhausters. This cooling may be conducted in 
either direct or indirect primary coolers. 

The direct primary cooler (Figure 5—3) consists of a 
tall, cylindrical scrubbing tower fitted with hurdles or 
baffles usually constructed of wood. The top portion is 
equipped with a series of spray nozzles and the lower 
portion contains a chamber to collect the liquor and 
condensate which flows by gravity into the hot drain 
tank. 

The gas enters the bottom of the tower and the cooling 
liquor is pumped into the top of the tower through the 
spray system to provide a downward flow of cooling 
liquor in counter-current flow to the gas stream. This 
direct contact between the gas and liquor provides for 
exchange of heat which is transferred from the hot gas 
to the cold liquor. This heat is removed from the liquor 
by indirect heat exchange, through tubular heat ex- 
changers, with circulating water. As a result of this 
cooling, 20 to 25 per cent of the total tar recovered is 
condensed along with a considerable quantity of weak 
liquor containing ammonia. These condensates are 


processed through the hot tar drain tanks either sepa- 
rately or in conjunction with the tar and liquor con- 
densates from the collecting main. 

The indirect primary cooler used for cooling the gas 
is a heat exchanger, in which water is used for cooling 
by heat exchange through steel tubes. The water flows 
through the tubes and the gases pass around the tubes. 

Tar Extractor — The gas leaving the primary coolers 
still contains small amounts of tar that would cause 
difficulty in the operation of subsequent units in the 
recovery system. There are two methods available for 
removal of this entrained tar: (a) mechanical impinge- 
ment and (b) electrostatic precipitation. In the case of 
operation by mechanical impingement, it is necessary to 
place the equipment after the exhausters, but the 
electrostatic precipitator may be placed before or after 
the exhausters. The preferred location is after com- 



Fic. 5—3. Schematic diagram of a direct primary cooler. 
(Courtesy, Koppers Company, Inc.) 
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F)C. 5 — i. Diagrammatic representation of an electrostatic 
precipitator for precipitation of tar from raw coke-oven 
gases. (Courtesy, Koppers Company, Inc.) 


pression to avoid any infiltration of air into the unit. 
The electrostatic type represents the modern concept of 
removing tar from gas. 

The mechanical- impingement type of tar extractor 
was developed by Pelouze and Audouin, and is com- 
monly referred to as the P & A tar extractor. The prin- 
ciple of operation is based on the fact that when gas 
containing suspended solids is impinged (at high ve- 
locity) on a solid surface, deposition of the suspended 
particles takes place. This principle is made effective by 
forcing the gas through restricted spaces directly 
against a plate to dovtOop a dispersion of the mass and 
effect a deposition of tar particles, which coalesce to 
foiTTi a liquid and flow to the bottom of the separator. 
The fixed gas then continues on through this unit for 
subsequent processing operations. The gas enters the 
tar extractor through a pipe connected near the bottom 
and passes through seven standpipes over each of which 
a scries of three concentric perforated shells is sus- 
pended. Each assembly of three shells is called a bell. 
The ascending gas enters the inside of each bell and 
passes through the perforations, impinging on the solid 


face of each succeeding shell to deposit the tar, and 
finally passes out of the top of the extractor. 

The operation of tliis type of extractor requires the 
maintenance of a constant differential pressure of eight 
to ten inches of water, regulated by the liquor seal. 

The electrostatic precipitator has been found to be 
more efficient and is gradually replacing the mechanical 
impingement type of tar extractor. In the electrostatic 
precipitator (Figure 5 — 4) removal of tar fog from gas 
is achieved by passing the gas through two electrodes 
having a high electrical potential. The discharge elec- 
trode is of small cross section, such as a wire or a series 
of points, in order to develop the high-intensity elec- 
trical field at its surface which is required for ionization 
of the gas. The collecting electrode has a large cross 
section and serves as a collector for the suspended 
particles which are ionized and transferred to this 
electrode. In this operation, the electrostatic precipi- 
tator, in addition to its function as a collecting unit 
for dispersoids, also serves to catalyze the formation of 
vapor-phase g\ims formed by oxides of nitrogen and 
unsaturated hydrocarbons. 


SECTION 4 

RECOVERY OF AMMONIA AS AMMONIUM SULPHATE 


Ammonium sulphate is formed by the reaction be- 
tween ammonia and sulphuric acid. The dry chemically 
pure salt is white in color and contains 25,78 per cent 
of ammonia. The commercial salt varies in color from 
white to grayish tan and contains from 25.0 to 25.7 per 
cent of ammonia. 

The ammonia formed during coking exists in both 
the water and gas tliat form part of the volatile products. 
The recovery of this ammonia can be accomplished by 
three different methods: (a) the direct process in which 
the total vapor, after separation of condensed tar, is 
passed through a saturator containing a solution of 
sulphuric acid to absorb the ammonia; (b) the indirect 
process in which the ammonia is removed from the 
gas by scrubbing with water and then removed from 
the water by distillation and treatment with an alkali, 
after which the ammonia and steam are passed through 
the saturator and (c) the semi -direct process in which 
the ammonia in the liquor produced during carboniza- 
tion is removed by distillation and alkali treatment and 
added to the gas stream, the gas containing all of the 
ammonia being then passed through an absorber con- 


taining dilute sulphuric acid for the extraction of am- 
monia. 

Semi -Direct Process — Of these three processes, tlje 
semi-direct is most extensively used at the present time 
and will, therefore, be discussed in detail. The ammonia 
present in the weak bquor is in two forms classified as 
“free” and “fixed”. The free ammonia is that which is 
readily dissociated by heat, such as the ammonium 
carbonates, sulphide, cyanide, etc., while the fixed am- 
monia is that which requires the presence of a strong 
alkali to effect displacement of the ammonia from the 
compound in which it is present, such as ammonium 
chloride, thiocyanate, ferrocyanklc, sulphate, etc. The 
operation to recover this ammonia is carried out in an 
ammonia still. 

Ammonia Still — In the processing of the liquor, a 
constant-head tank supplies a uniform flow of liquor, 
by gravity, to the top of the “free leg” of the ammonia 
still (Figure 5 — 5) and tliis liquor passes down the 
column over a series of plates equipped with bubble 
caps and overflow pipes. This liquor is heated by an 
upward flow of steam which vaporizes the ammonia 



118 THE MAKING, SHAPING AND TREATING OF STEEL 



Fic. 5—5. Diagrammatic representation of the essential 
parts and operation of an ammonia .still. (Courtesy, 
Koppers Company, Inc.) 


and acidic gases. These vapors leave the top of the 
“free leg” at a temperature of 158-167 ** F (98 to 104 ® C), 
and pass into a dephlegmator to cool the vapors partially 
and remove excess water which is returned to the still. 


The vapor leaving the dephlegmator consists of am- 
monia which may vary between 10 to 25 per cent, de- 
pending upon the vapor temperature, with the balance 
consisting of water and some acidic gases and neutral 
oils. 

The liquor leaving the base of the “free leg” passes 
into the “lime leg” where it is treated with “milk of 
lime” containing up to 40 grams of calcium hydroxide 
per liter. The calcium hydroxide reacts with the fixed 
ammonium salt of which ammonium chloride is the 
main constituent according to the following reaction: 

2NILC1 -f Ca(OH). -f Heat = 2NHa -f 2H.0 CaCh 

The liquor then flows in to the “fixed leg” which 
consists of a series of plates equipped with bubble caps 
and overflow pipes to provide eflective stripping of the 
ammonia by a countercurrent flow of steam. The steam 
pressure required at the base of the still is of the order 
ot three to four pounds. This steam provides the heat 
for the operation of all three units of the still assembly. 

The vapors leaving the ammonia still are added to the 
gas stream so that all of the ammonia can be recovered 
in the saturators or ammonia absorbers. 

Reheatcr — The temperature of the gas after leaving 
the precipitators, is about 104-108° F (40-42° C) having 
been raised 9-13 °F (5-7 °C) by compression in the 
exhausters. The temperature is raised to about 130 “ F 
(55 ” C) by passing the gas through the reheaters which 
are cylindrical holders containing steel tubes through 
which steam is circulated. This reheating is necessary to 
prevent the condensation of water vapor in ammonia 
absorbing facilities. 

Ammonia Absorber — In an Otto-type absorber, coke- 
oven gas enters the ammonia absorber (Figure 5 — 6) 
near the bottom and is sj^rayed with a dilute solution of 
sulphuric acid as it rises to the top of the absorber. Next 
the gas flows through a pyridine absorber where it is 
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sprayed again with a more concentrated solution of 
sulphuric acid. The gas leaving the pyridine scrubbers 
is passed through the acid separator where entrained 
liquids are removed, after which the gas enters the 
final cooler. 

As the dilute sulphuric acid sprays the gas rising 
through the ammonia absorber, the ammonia in the gas 
combines with the acid to form ammonium sulphate, 
'rhe resulting solution drains to a crystallizer from 
which it is recirculated to the absorber. A constant 
flow of sulphuric acid is added to the ammonia absorber 
to replace the acid neutralized by the ammonia in tlie 
coke-oven gas. After the solution becomes super- 
saturated, crystals of ammonium sulphate are precipi- 
tated in the crystallizer and accumulate as a slurry in 
the bottom. A portion of this slurry is removed from the 
crystallizer and is pumped to the slurry tank where the 
salt settles, the liquid overflows and returns to the am- 
monia absorber. The concentrated slurry is withdrawn 
from the bottom of the slurry tank and is fed in batches 
to the centrifugal dryers. These dryers currently are 
arranged to perform tlic following sequence of opera- 
tions automatically: (a) rinse the dryer- basket screen 
with water; (b) feed the slurry into the basket; (c) 
neutralize the acid remaining in the salt with a dilute 
solution of aqueous ammonia; (d) rinse the salt with 
water to remove excess ammonia; (e) centrifuge the 
water from the salt in the basket; (f) remove the dried 
salt from the basket; and (g) discharge it onto a con- 
veyor belt. The liquid portion of the .slurry is recovered 
and returned to the ammonia absorbers. The partially- 
dried ammonium sulphate is conveyed to heated rotary- 
drum dryers for final drying to a content of approxi- 
mately 0.1 per cent water. 

Following the ammonia removal in the ammonia 


absorber, the gas comes in contact with more con- 
centrated sulphuric acid in the pyridine scrubber which 
removes the tar bases (pyridines, picolines, etc.). Tar 
bases and sulphuric acid form a weak bond, therefore, 
the bases are the last to be removed from the gas and 
the first to be released at low acid concentrations. The 
tar-base sulphuric acid solution is continuously re- 
circulated and systematically jiortions are removed for 
recovery of the tar bases by methods described in 
Section 6. The pyridine -free liquor is returned to the 
ammonia absorbers. The gas entrains some of the acid 
solution in the pyridine scrubber, which is recovered by 
centrifugal force as it passes through the ai id separator. 

Another process for the recovery of ammonia is the 
Wilputte low-differential controlled-crystalli/ation proc- 
ess for producing ammonium sulphate, the equipment 
for which is constructed of stainless steel throughout 
(Figure 5 — 7). In this iiroccss the gas is jiassi d through 
a spray-type absorber over which is circulated a 6 per 
cent solution of sulphuric acid nearly saiurat(*d with 
ammonium sulphate. The acid entrainment arrestor is 
an integral part of the absorber. Leaving the absorber, 
the solution is delivered to the solution-circulating 
system of a crystallizer in which crystallization takes 
place by the combined cooling and concentration effects 
of vacuum evaporation. By the variation of circulating 
rate and the degree of concentration, the size range of 
the product can be controlled closely within narrow 
limits. As the crystals grow in size, they settle or 
gravitate to the bottom of the suspension tank from 
which they are delivered to a slurry feed tank and from 
there to a continuous centrifuge. The accumulation of 
deposits of hard salt within the equipment is minimized 
and “killing” for removal of such deposits is very in- 
frequent. The product is dust-free, neutral, free flowing 



Fig, S— 7. Flow sheet of the Wilputte low-differential controUed-crystallization process for producing ammonium sul- 
phate. 
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and non-caking and can be made with a size consist 
favorable to any type of application. 

Saturator — At coke plants built prior to about 1930, 
tunnionia-absorbing facilities consist largely of a device 
often referred to as saturators. These facilities are large 
dome-shaped, cast iron, lead-lined vessels, sometimes 
operated in pairs. Gas is admitted to the saturator 
throui:h a distributor called a “cracker pipe” which, 
in the older designs, runs completely around the inside 
circumference of the unit and has a cross section in 
the shape of an inverted U. The bottom of the pipe is 
open, but the gas is discharged from it through nu- 
merous vertical slots, located on each side of the pipe 
near the bottom. This arrangement was adopted to 
provide a large surface for direct contact between the 
ammonia and dilute acid, which reacts according to the 
following to form ammonium sulphate: 

2NH. + H*SOi = (NH4).S04 

The salt precipitates and settles to the bottom of the 
unit when the saturator bath becomes super-saturated. 
The salt is either siphoned through ejectors to elevated 
drain tables by means of compressed air, or removed 
from the base of the saturator by centrifugal pump. 
When the saturators arc equipped with air ejectors, the 
salt is removed periodically from the elevated drain 
tables, placed in a pendulum-type centrifugal dryer, 


and centrifuged for about 5 minutes, which process re- 
moves nearly all the mother liquor. The ammonium 
sulphate is washed with hot water, to free the crystals 
of absorbed mother hquor, and whizzed for about 10-12 
minutes longer. It is tlien removed from the centrifugal 
basket by an unloader or plow and delivered to a belt 
conveyor, which carries it to a salt pit where any free 
acid is neutralized by spraying with concentrated am- 
monia liquid. The mother liquor derived from this oper- 
ation, as well as the wash water, flows back into the 
saturators. The acid concentration of the bath is held 
approximately constant by adding periodically high- 
strength sulphuric acid. 

Continued use of a saturator results in the accumula- 
tion of salt within the saturator, which interferes with 
the flow of gas. It is common practice to prevent such 
accumulations and to dissolve accumulated salt deposits 
by “killing” the bath periodically. “Killing” the bath 
is a term used to describe the method for rectifying this 
condition, whereby the height and acidity of a bath, 
prior to “killing”, are allowed to decrease and the 
deficiency then made up by the addition of a definite 
quantity of acid, water, and mother liquor. The bath 
then has a free sulphuric acid concentration of 12-14 
per cent. These added materials reduce the saturation 
of ammonium sulphate in tlie total liquor and all de- 
posits of salt are redissolvcd. 


SECTION 5 

RECOVERY OF PHENOL 


The water, i.e., weak ammonia liquor, recovered with 
the volatile products of coal carbonization contains 0.5 
to 3.0 grams per liter of phenol (sometimes called 
carbolic acid) and its homologues. In order to recover 
this phenol, two processes are available — the vapor- 
recirculation process and the solvent extraction process. 
(Phenol is also recovered from coal tar, by processes 
described in Section 9 of this chapter.) 

Vapor-Recirculation Process — This process utilizes 
the vapor pressure of phenol and operates in conjunc- 
tion with the ammonia still. The weak liquor first is 
distilled in the free leg of the ammonia still in order to 
remove the maximum quantities of the acidic gases, 
ILS, CO 2 , and HCN, but the minimum amount of 
phenol. In order to make this separation, improvement 
in the rectifying efficiency of the free leg by addition of 
a section packed with Raschig rings has been necessary. 

The quantity of steam to the free leg is also reduced 
so that the vapors leave the top of the free leg at about 
203 “F (95 “O, instead of at about 220 "F (104“ C) 
which otlierwise would be their temperature. This 


Fic. 5—8. Schematic representa- 
tion of the steps in the vapor - 
recirculation process for the 
recovery of phenol from am- 
monia liquor. Side of column 
has been partially cut away to 
show spray arrangement. 
(Courtesy, Koppers Company, 
Inc.) 
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quantity of steam is sufficient to remove ammonia and 
the acidic gases satisfactorily without an excessive loss 
of phenol. This method of operation has resulted in 
diminishing the phenol loss to an average of 5 per cent 
compared with 20-^0 per cent in the absence of this 
control. 

The ammonia liquor leaving the base of the “free 
Jcg” is then transferred to the dephenolizing unit, where 
the phenols are removed. The dephenolized liquor is 
returned to the “lime leg”. 

In the operation of the dephenolizing unit (Figure 
5 — 8) , the liquor is pumped into the top of a dephenoliz- 
ing tower consisting of two main sections. In the upper 
section it passes downward over wooden hurdles and 
meets a countercurrent flow of steam which vaporizes 
the phenols. The liquor from the base of the upper sec- 
tion returns to the ammonia still. The phenol vapors 
and steam are carried into the bottom of the tower and 
travel upward through steel turnings where they meet 
a countercurrent flow of caustic soda which extracts the 
phenols and forms sodium phenolate. 

This operation is conducted at 212 ®F (100 "C). At 
this temperature, tlie equilibrium of the phenol-sodium 
phenolate reaction is such that a suitable balance be- 
tween the utilization of sodium hydroxide and the loss 


of phenol results in the conversion of about 50 per cent 
of the available sodium hydroxide into sodium pheno- 
late with a loss of about 5 per cent of the phenol. 

Solvent Extraction Process — This method is based on 
the principle that the phenols are more soluble in 
benzene or light oil than in water and that the phenols 
can be extracted from benzene or light oil with caustic 
soda. 

The process consists of treating weak liquor con- 
taining phenols with benzene or light oil in two or three 
stages by countercurrent flow. In the first stage of 
contact, the weak liquor from which the major part 
of the phenol has been extracted is treate d with benzene 
or light oil from which the phenols have been re- 
moved. The solvent is then contacted with liquor that 
is richer in phenol. This operation may be carried to a 
third contact zone in order to increase the phenol con- 
tent of the solvent. 

The solvent is removed from the liquor system and 
treated with caustic soda in two or three steps in order 
to remove the phenol from the solvent and recover the 
phenol as sodium phenolate. The sodium phenolate is 
then boiled to remove the entrained solvent. It is then 
neutralized with sulphuric acid or carbon dioxide gas 
to liberate the crude phenol. 


SECTION 6 

RECOVERY AND REFINING OF PYRIDINE BASES 


Among the products of carbonization of coal are the 
pyridine bases. Part of these bases dissolve in the tar, 
while the remainder is present in the gas going to the 
saturators. The pyridine bases include pyridine, pico- 
lines (methyl pyridines), lutidinos (dimethyl pyri- 
dines) , etc. These compounds being basic in nature dis- 
solve in the saturator liquor with the formation of 
pyridine sulphate. Where pyridine recovery operations 
are practical, the acidity of the saturator liquors must 
be carefully controlled. Two processes for the recovery 


of these bases from saturator liquors are described in 
the following. Recovery of pyridine bases from tar 
is described in Section 9 of this chapter, dealing with 
the refining of coal tar. 

Saturator liquor is withdrawn continuously from the 
feed tank to the continuous dryers at a predetermined 
rate and conducted to a neutralizing still, where the 
neutralization of the saturator liquor and separation of 
the bases from the neutralized liquor are effected 
simultaneously. Ammonia vapors (containing carbon 
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Fig. 5 — 9. Flow sheet of a batch-type plant for recovery and refining of pyridine bases. The 
equipment at the far right is shown dotted because the same still is used for both de- 
hydration and fractional distillation, except that, in the latter case, the decanter is not 
employed. 
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dioxide) are taken directly from the fixed leg of the 
ammonia stills, and conducted into the neutralizing still 
at a constant rate. 

The neutralizing still is fitted with a dephlegmator 
which operates with a top vapor temperature of from 
185 to 395“ F (85 to 90® C). Pyridine bases, ammonia, 
carbon dioxide, and water, distill overhead and are 
conducted to the separating unit, while the ammonium 
sulphate liquor is withdrawn continuously from the 
bottom of the still and returned to the saturator. 

Tiie vapors from the dephlegmator pass downward 
through a condenser and the condensate therefrom is 
conducted below the level of liquid in the separator. 
The ammonia, carbon dioxide, and water unite to form 
a solution of ammonium carbonate with a specific 
gravity of 1.07 to 1.08. The pyridine bases separate 
from this ammonium carbonate solution as a top liquid 
layer containing about 15 per cent water and are de- 
canted continuously into a receiving tank. The ammo- 
nium carbonate solution is maintained at a constant 
level by withdrawing through a constant level device 
and returned to the neutralizing still. This is done in 
order to maintain an equilibrium of ammonia and car- 
bon dioxide in the system which results in a solution of 
the desired specific gravity in the separator. 

In another method of continuous operation, the pyri- 
dine bases are completely condensed at the time of 
neutralization and separated from the saturator liquor 
by gravity. 

Batch -Type Recovery Process for Pyridine Bases — 
Pyridine bases may be recovered by the intermittent 
removal of saturator liquor from the saturator and 
batch treatment of this liquor for the recovery of the 
pyridine ba.ses (Figure 5 — 9). 

The recovery equipment consists of a lead -lined tank 
which serves as a receiving tank and still. Its capacity 


is designed to hold the saturator liquors that will be 
removed from all saturators in 24 hours. It is equipped 
with a steam coil and an open pipe for the ammonia 
feed. A condenser is provided to condense the water and 
pyridine bases distilled over and a receiving tank for 
the wet product. 

In the daily operation for the recovery of the bases 
250-300 gallons of saturator liquor are removed from 
each saturator twice per 24 hours. The liquor is removed 
from the drain table and delivered to the mother liquor 
wells. This liquor, containing from 25 to 40 grams per 
liter of pyridine bases and 80 to 100 grams per liter of 
free acid, is transferred to the neutralizing still where 
it is treated with ammonia until the bases are liberated; 
this operation is called “springing”. The liquor in this 
still is then heated and the bases are distilled off and 
condensed as a water solution containing 40 per cent of 
bases. 

Refining of Pyridine Bases — The crude pyridine bases 
are first dehydrated by azeotropic distillation, using 
benzol as the entrainer. 

The wet pyridine bases are charged to a still with a 
quantity of benzene. The quantity of benzene should 
be sufficient to form the azeotrope with water during 
distillation. The distillation is controlled by maintaining 
the vapor temperature at 157.1 “F (69.5® C) until the 
water has been removed. The benzene and water are 
separated in a decanter tank where the water is sent 
to the waste disposal system and the benzene returned 
to the still. 

After the water has been completely removed, the 
still is adjusted to provide a balance between the 
forward flow and reflux return to separate the benzene 
from the pyridine and then continued for the recovery 
of refined pyridine, picolines, and higher boiling point 
bases. 


SECTION 7 

RECOVERY OF COKE-OVEN LIGHT OIL 


Light Oil — The gas leaving the saturators contains 
light oil. This oil is a clear yellow-brown oil with a 
specific gravity of about 0.880. It is a mixture of all 
those condensable products of coal gas with boiling 
points up to 390 ®F (200 ®C), containing well over a 
hundred constituents (Table 5 — I). Most of these are 
present in such low concentrations that their recovery 
is seldom practicable. Many of the constituents, such 
as, olefin and diolefin hydrocarbons, some straight 
chain and cyclic paraffins and small amounts of sulphur, 
nitrogen and oxygen compounds, are present in small 
quantities, while those few present in larger quantities 
constitute the products which are economically re- 
coverable. The principal usable constituents are benzene 
(60-85 per cent), toluene (6-17 per cent), xylene (1-7 
per cent), and solvent naphtha (0.5-3 per cent). Light 
oil constitutes approximately one per cent of the coal 
carbonized. 

Light -Oil Recovery Process— The removal of light oil 
from coal gas is generally the last slep in the coal 
chemical recovery process. 

There are three general methods used for the re- 
covery of light oil: 

(a) Refrigeration and compression involving temper- 
atures below -70 ® C and pressures of 10 atmospheres. 

(b) Adsorption by solid adsorbents involving the re- 
moval of light oil from the gas by passing it through 
a bed of activated carbon and recovering the light oil 
from the carbon by heating with direct or indirect 
steam. 


(c) Absorption by solvents involving washing the 
coal gas with a petroleum wash oil or other absorbents 
followed by steam distillation of the enriched wash 
oil to recover the light oil. 

The latter practice (Figure 5 — 10) is the one almost 
universally followed in the United States, due to the 
availability and low cost of petroleum wash oil, and is 
the method that will be discussed here. The efficiency of 
recovery varies widely with the seasons since one of 
the major considerations is the temperature of the coal 
gas and wash oil entering the absorbing process. An- 
other consideration is the ratio of wash oil to gas. 
The absorption equipment should be of reasonable de- 
sign as to size and contact time. The oil-and-gas ratio 
varies depending on the equipment design and light-oil 
content of the gas prior to light-oil removal. 

Typical operating conditions are as follows: the 
temperature of gas entering the absorption process is 
59-86 “F (15-30 ®C), the temperature of wash oil en- 
tering the process is 60-90® F (17-32® C) and the wash 
oil circulated per ton of coal carbonized is 150-200 
gallons. 

The boiling point of the wash oil should be well above 
390® F (200® C) so as to permit an effective separation 
of light oil from wash oil in debenzolization. The oil 
should not thicken and should have a low viscosity to 
permit its distribution in the scrubbing towers. It should 
not deteriorate readily but maintain its initial prop- 
erties as long as possible to keep makeup oil at a 



Table 5 — L Fractions of Coke-Oven Light Oil, and Boiling Points of Some of Their Constituents 
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Fig. 5 — 10. Fi nv .shfct of a light-oil recovery system. (Courtesy, Wilputtc Coke Oven Division, Allied Chemical and 
Dye Corp.) 


minimum. It must be especially stable with respect to 
the repeated heating which takes place in the recycling 
of the oil in the process. Its absorptive capacity should 
be very high and it should not react with or contaminate 
the coal gas. The specific gravity should be low enough 
to permit effective separation of wash oil and water in 
the processing and keep emulsification of the two to 
a minimum. The specific heat should be low because the 
oil is subjected to repeated heating and cooling as it 
is recycled in the process. 

The petroleum wash oil normally used for this ab- 
sonition process has a boiling range of 518-622 ° F 
(270-350" C). Other specifications which are general 
for a petroleum oil include a specific gravity of about 
0.830, a viscosity of 45 seconds Sayboll at 100 " F (38 ® 
C), a pour point of 35"F (2®C), an emulsification of 
95 per cent separation in 50 seconds, a flash point of 
300 ®F (150® C), fire point of 335 ®F (168® C), and a 
low residue under 0.10 per cent when heated for a period 
of five days at approximately 300® F (150® C). 

Final Cooler — ^Thc first step in the recovery of light 
oil by absorption in a liquid medium is that of cooling 
the gas leaving the saturators at a temperature of 112- 
140 ®F (50-60® C) by direct contact with water in a 
tower scrubber called a final cooler. The facilities are 
so named since the gas is here given its final cooling 
in the coal-chemical processing. This is necessary to 
remove naphthalene from the gas and also cool the 
gas prior to its admission to the wash-oil scrubbers. 

The tower consists of a tall cylindrical shell of steel 
approximately 10 to 15 feet in diameter and 50 to 75 
feet in height filled with a suitable packing material, 
either metallic or wooden. The gas enters near the 
bottom of the tower and passes up through the pack- 
ing material and out near the top. The cooling water 
enters the top of the tower through a spray system and 


the water passes down through the tower, coming in 
direct contact with the gas in a countercurrent manner. 
The water leaves the tower at the bottom through a 
sealed outlet pipe to prevent escape of any gas. The 
heat from the gas is transferred to the water, which 
in turn is cooled in an induced -draft water-cooling 
tower with air or in an atmospheric water-spray cool- 
ing operation. Cooling of the water depends upon air 
circulation and the vaporization of a part of the water 
in circulation, the latent heat of vaporization of the 
water being responsible for additional cooling. Operat- 
ing practice is to cool the water, and in turn cool the 
gas, to as low a temperature as practicable, depending 
upon atmospheric temperature, since most effective ab- 
sorption of light oil is obtained at low temperatures. 
Cooling is not carried below 60® F (15® C), since below 
that temperature petroleum absorbing oil becomes too 
viscous to flow freely. 

This direct-cooling operation causes the condensation 
of a major portion of the naphthalene and any en- 
trained tar and vapor-phase gums. Tlie naphthalene is 
recovered in a sump operation and is either added to 
the tar or refined directly to provide a salable product. 

In some of the more modern facilities, the lower 
part of the final -cooler tower is redesigned to permit 
the outlet water to come in direct contact with tar in 
order to dissolve the naphthalene as it is being removed 
from the gas. 

Wash-Oil Scrubber — ^The second step in the recovery 
of light oil is its absorption in the liquid petroleum 
wash oil. The gas comes in direct contact with the wash 
oil in one or more tall scrubbing towers containing 
packing. The gas passes from the first tower to the last 
in series and the wash oil travels from the last tower to 
the first in reverse series. The flow of gas and wash oil 
is countercurrent in each tower. The steel towers are 
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approximately 15 to 22 feet in diameter and 100 feet 
in height. 

The wash oil is introduced through a number of 
sprays in the top of the tower and comes into direct 
contact with the gas, which flows from the bottom to 
the top. An oil-storage tank is provided in the base of 
the tower to receive the oil and maintain a surge 
capacity for pumping the oil away. The oil passes from 
the gas compartment to oil storage through a sealed 
pipe. It is pumped from the base of one tower to the 
spray system in the top of the next tower in the series. 
From the last tower the oil is pumped to the stripping 
stills for separation of light oil from wash oil. Wash oil 
prior to light-oil absorption is called debenzolized and, 
after absorption, benzolized. The benzolized wash oil 
contains 2 to 3 per cent light oil. The debenzolized wash 
oil is cooled in indirect cast-iron or steel-pipe cooling 
coils with water to a temperature several degrees 
higher than that of the gas entering the scrubbers, 
which is 60 to 75® F (15 to 25° C). This is to prevent 
condensation of water from the gas, which would form 
an emulsion with the oil, causing clogging of the free 
space in the packing of the tower. The rate requirement 
for the circulation of oil through the scrubbers is a 
function of the vapor-pressure distribution between the 
light oil dissolved in the absorbent oil and that remain- 
ing in the gas at the temperature of operation. From 90 
to 95 per cent of the light-oil content of the gas is re- 
covered in this operation. The wash oil, after being 
cooled, passes through a large decanting tank which 
acts as a settling compartment for the emulsified and 
resinous materials present in the wash oil. This ma- 
terial accumulates in the bottom of the tank, and the 
wash oil decants off at a higher level to a small re- 
ceiving tank, from which it is pumped to the top of 
the first scrubbing tower in the series. Generally, two 
decanting and two receiving tanks are provided to 
permit cleaning the residue from the tanks periodically. 

Recent designs of wash-oil scrubbers are not fitted 
with hurdles and packing used in the previous type. 
Contact between the gas and absorption oil is accom- 
plished by the use of single conical sprays placed at 
three different elevations within the tower, as shown 
in Figure 5 — 11. Absorption oil pumped through the 
top pressure spray is collected by steel-plate umbrellas, 
and passed through second and third spray nozzles of 
the gravity-flow type. Baffles direct the flow of gas to- 
ward the spray in every pass and horizontal angles 
restore correct distribution above each umbrella col- 
lector. Restrictions to gas flow by accumulations of 
residues commonly found in packed scrubbers are 
minimized or eliminated in scrubbers of this design. 

Debenzolization of Wash Oil — In the debenzolization 
step, the light oil (2 to 3 per cent) in the benzolized 
wash oil is separated by steam distillation. The carry- 
over of absorbing oil into the light oil is kept to about 
5 per cent and the debenzolized absorbing oil con- 
tains 0.2 per cent light oil. 

In the straight steam-distillation process at atmos- 
pheric pressure, the benzolized wash oil is preheated 
to approximately 212 ** F (100 ** C) with a vapor-to-oil 
and an oil-to-oil heat exchanger. Heating is continued 
to 295 °F (145° C) with an indirect preheater of the 
shell- and- tube type with the oil flowing through the 
tubes using steam as the heating medium on the shell 
side. The preheated oil is introduced near the top into 
a multi-plate bubble-cap fractionating column leaving 
several plates above the feed to keep entrainment of 
wash oil to a minimum. (Figure 5—13 shows the plate 
and bubble-cap arrangement in a still of similar design.) 
The benzolized wash oil flows down the column counter- 



Fic. 5—11. Schematic representation of a spray -type wash- 
oil scrubber. 
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current to upward flow of live steam, which is intro- 
duced in the? base of the still column. The debenzolized 
wash oil leaving the base of the column through a 
scaled outlet at a temperature of 290 to 300 ® F (145 to 
ISC’C) i)asses through the oil-to-oil heat exchanger 
in which it is cooled to 212 ® F (100 ® C) giving up its 
heat to the incoming benzolized wash oil. Water sepa- 
rates oat at this point and is drained off. The wash oil 
passes through a pumping tank and is pumped at 212® 
F (JOO C) to cooling coils for cooling prior to being used 
again as an absorbent for the light oil in the scrubber 
towers. 

The mixture of steam and light oil vapors leaving 
the top of the column flows through the tubular vapor- 
to-oil heat exchanger which recovers heat and also acts 
as a partial condenser. Sufficient heat is imparted to the 
incoming benzolized oil to raise its temperature 45 ® F 
(25 C) and, at the same time, the vapors are cooled 
to cause a portion of the steam and high-boiling con- 
.stituents of light oil to condense (the condensate of 
which carries along some of the wash oil which was 
carried over the top of the column as entrainment). 
The mixture of oil and water is separated in a gravity 
separator tank, the water flowing to the sump system 
and the oil returned to the debenzolized oil streams. 
The mixture of steam and light-oil vapors leaving 


the vapor-to-oil heat exchanger passes to a water- 
cooled condenser, which is of a multi-pass design, with 
the vapor and water flowing countercurrent to each 
other. The condensate flows to a gravity separator 
effecting a separation of the light oil and water, the 
light oil flowing to storage and the water to the sump 
system. 

In some designs, an additional fractionating column 
is added to the debenzolization process for rectifying the 
light-oil vapors from the vapor-to-oil heat exchanger. 
In this case, the condensate of the vapor-to-oil heat ex- 
changer, after separation of the water, is also introduced 
into the rectifying column. The mixture of steam and 
light-oil vapors enters the multi-plate bubble-cap recti- 
fying column near the middle section. The light oil is 
separated into two fractions: the distillate containing 
forerunnings, benzene, toluene, xylene, and low-boiling 
solvent; while the residual fraction contains an admix- 
ture of high- boiling solvents, naphthalene and wash 
oil. A portion of the distillate is returned to the top of 
the column as reflux, the control point being the vapor 
temperature at the top of the column. 

In the more modern debenzolization processes, the 
benzolized wash oil is processed at a temperature of 195 
to 250 “ F (90 to 120 ® C) and this eliminates the need 
for an oil-to-oil heat exchanger in the process lineup. 


SECTION 8 


REFINING OF COKE-OVEN LIGHT OIL 


Light oil is separated into a number of marketable 
products by refining according to trade specifications. 
The aromatic hydrocarbons in crude light oil, which are 
present in large quantities, are the principal source of 
the commercial products. These hydrocarbons are ben- 


zene, toluene, xylene, coumarene and indenc. The re- 
maining substances, which are present in small quanti- 
ties, are generally considered to be impurities. These 
consist of saturated straight -chain hydrocarbons, paraf- 
fins, saturated closed-chain or cycloparaffin and naphtha- 



Fig. 5—12. Schematic representation of an acid washer. (Courtesy, Koppers 
Company, Inc.) 
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Icne hydrocarbons, unsaturatcd hydrocarbon olefins and 
diolefins, sulphur compounds (carbon disulphide, thio- 
phene and its homologues), nitrogen compounds (pyri- 
dine and its homologues), and oxygen compounds 
(phenol and its homologues). 

Acid Washing— Washing light-oil fractions with sul- 
phuric acid removes impurities by chemical reaction of 
the acid with the impurities (Figure 5 — 12). These 
particular impurities cannot be removed by fractional 
distillation. The chemical reactions involve oxidation, 
polymerization, sulphonation and other complex re- 
actions with the unsaturated hydrocarbon olefins and 
diolefins, sulphur, nitrogen and oxygen compounds. 
The reaction products remain in solution in the acid 
and are removed with it by gravity separation from the 
washed oil. The acid-washed oils are, after neutraliza- 
tion, separated into individual constituents by fractional 
distillation. 

Fractional Distillation - Fractional distillation sepa- 
rates the principal aromatic components of light oil by 
repeated vaporization of a mixture of these compounds 
(which have different boiling points) followed by con- 
densation of the vapors in such a way that the desired 
degree of separation of the components is obtained. 

The following proportional distribution of the main 
constituents in light oil, based on distillation range, 
indicates the relationship of quantities involved: 

Fraction Distribution Approx. Boiling Points 
Forerunnings 1 .5- 2.5% 77-158 “ F (25-70 * C) 

Pure Benzene 60.0-85.0% 176.2 * F (80.1 * C) 

Pure Toluene 6.0-17.0% 231.1 ® F (110.6 “ C) 

Pure Xylenes 1.0- 7.0% 275-293* F (135-145* C) 

Heavy Solvents 0.5- 3.0% 338-392 * F (170-200® C) 

Residues 5.0-11.5% 392 ® F (Above 200 * C) 

The particular operating sequence in regard to acid 
cashing and distillation varies, depending on quality of 


crude light oil, the equipment available, and the market 
demands. A complete examination is required in each 
plant to plan effectively the type of operation which will 
be most satisfactory. 

The evolution of tlie refining practice for the pro- 
cessing of light oil started with its use as a motor fuel, 
which has been followed through the years with the 
gradual consumption of individual products for sol- 
vent and chemical purposes. During World War I the 
important use was the production of trinitrotoluene 
from toluene. In World War II, in addition to the use of 
toluene as mentioned, benzene became important for 
synthetic rubber and aviation fuel, xylene for pro- 
tective coatings. Advances in importance of the aromatic 
products for commercial use in recent years has been 
accompanied by the improvement of refining techniques. 

In the earlier distilling operations, only batch stills 
were used whereas modem refining tcclmiques make 
use of continuous stills. 

Batch Still Operation — A batch still consi.sts of a 
kettle connected to a fractionating column by means of 
a vapor pipe to carry vapor to the column, and a 
liquid-sealed pipe to permit return flow of liquid to the 
kettle. This column contains thirty to forty plates which 
are lilted with bubble caps and return flow lines to 
permit condensate to return to each succeeding lower 
plate. The actual number of plates, bubble caps, etc., 
must be determined from design characteristics dictated 
by the separation to be performed on the material to be 
distilled. The kettle is equipped with steam coils with 
sufTicient surface for the available steam pressure to 
supply the column with vapor at a predetermined rate. 
A vapor pipe receives the vapors from the top of the 
column and delivers them to a condenser which may 
also be equipped with an aftercooler. The condensate 
may then be collected in a receiving tank and a part 
pumped to the top of the column to provide reflux for 



Fic. 5--13. (Left) Schematic diagram illustrating component parts and principle of operation of a modern continuous 
still. (Right) Schematic details of plates and bubble caps used in stills for fractional distillation. (Courtesy, Semet- 
Solvay Engineering Division, Allied Chemical and Dye Corporation). 
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control of the temperature, or this equivalent part may 
be returned by gravity flow. It is usually the better 
practice to effect the reflux by pump flow, to provide 
positive control of this operation. 

In the operation of a batch still, the kettle is filled to 
its designed capacity which leaves space in the upper 
section to receive the vapors, and the steam is turned 
into the heating coils. As the material reaches the 
boiling point, it is necessary to control the rate of 
sfearn flow by the pressure or temperature in the kettle. 
The vapors ascend the column, are condensed in the 
condenser, and a predetermined amount of condensed 
liquid is returned to the column. It may all be returned 
for a while until the column is in product and tempera- 
ture balance, at which time product may be removed 
and sent to storage. The vapors are forced into the 
fractionating column by the pressure in the kettle and 
pass through the bubble caps on each plate where they 
come in intimate contact with the downward flow of re- 
flux. This contact provides a series of steps consisting 
of evaporation and condensation on each plate, and a 
temperature gradient is developed through the column 
such that the lowest temperature is at the top and the 
highest temperature is at the bottom. This temperature 
gradient in a batch still column is in a constant state of 
change as the lower-boiling-point materials are first 
distilled over and replaced with the heavier fractions, 
but each plate maintains a relative temperature dif- 
ferential between the plates above and below. During 
the progress of the distillation progressively higher- 
boiling-point materials are removed with consequent 
increase in the column and kettle temperatures. In- 
termediate fractions are always produced between the 
principal components, benzene and toluene. These prod- 
ucts are stored separately and re-run in the still to 
maintain the maximum recovery of finished products. 

Continuous Still Operation — A continuous still (Fig- 
ure 5 — 13) consists of a kettle or reboiler of considerably 
smaller capacity than that of the batch process, be- 
cause the feed material is being constantly pumped into 
the unit and the re.sidue pumped out of the reboiler. 
It is equipped with a fractionating column, a condemser, 
and reflux control. There is usually more than one still 
unit in a group, because the hot residue from the first 
unit is used as feed to the second unit and this ar- 
rangement may be carried on with as many units as 
there are fractions to be recovered. 

The feed to a continuous unit is pumped into the 
side of the fractionating column instead of into the 
kettle as in a batch still. In a batch still, a number of 
products are progressively removed from the top of 
the fractionating column, but in a continuous unit only 
one product is obtained from the top of a fractionating 
colunm, this product having the lowe.st boiling point of 
any component in the feed. Accordingly, there must be 
as many columns as products and intermediate off- 
grade fractions. The principles of fractional distillation 
apply to the operation of the column in regard to 
evaporation and condensation on each plate with a 
temperature gradient from top to bottom of the column. 
However, unlike the batch still, the conditions of tem- 
perature and pressure throughout the unit in the re- 
boiler and column remain constant, and each plate 
operates at a constant temperature and pressure. 

Control of Distillation Processes — The operations of 
batch and continuous distillation require control of 
various factors in the operating unit. 

In batch -still operations, the principal control factors 
are the temperature of the vapor leaving the top of the 
column, rate of vaporization, and volume of reflux 
pumped into the top of the column. The vaporization is 


controlled by the amount of steam introduced into the 
heating elements in the kettle, which can be done by 
hand operation of the steam valve or with a pressure 
controller actuated by the pressure in the kettle. The 
reflux provides a control of the temperature gradient 
in the column and makes it possible to remove in order 
the various components of the oil being fractionally 
distilled, the lowest-boiling-point fraction being the 
first removed. Other control factors are the level of oil 
in the kettle, rate of flow of product and reflux, tem- 
perature of condenser water in and out of the unit, 
and temperature of distillate. 

Continuous distillation requires more control than 
batch in that all factors must be kept constant. A 
uniform feed of constant composition to the column is 
provided with a flow controller. Constant measurements 
of column temperatures, generally bottom of column, 
below feed, above feed and top of column, along with 
temperature of water in and out of the condenser, and 
temperature of distillate and bottom reboiler fractions, 
are taken with pyrometric recorders of the potenti- 
ometer type. Liquid-level controllers are used to regu- 
late pumping of the bottoms of one still unit to the 
next still and also pumping of the distillate as it flows 
from the condensers. The oil vaporization is regulated 
by a pressure controller automatically operating the 
steam-header valve. Liquid levels in reboiler, surge 
and receiving tanks arc indicated by instruments. Oil 
flows through pipe lines are indicated by rotameters 
and steam flows are recorded. 

Type of Refining Process — ^Plant designs are classified 
as batch, semi-continuous and continuous, depending 
on the type of di.stillation. 

Of all of the variables affecting the design of a plant, 
that of the size of the installation probably has the 
most bearing on whether the process will cither be 
.semi-continuous or continuous. It is not generally 
agreed just where the dividing point is. Small and 
medium-sized plants have the semi-continuous design 
and larger plants have continuous design. 

One of the most elementary light-oil refining proc- 
esses is to acid-wash a crude light oil containing no 
heavy solvent, and refine it into washed motor benzene, 
pure benzene, pure toluene, commercial xylenes, and 
pure still residue by either batch or continuous frac- 
tional distillation. 

Refinement of light oil of this character would in- 
volve acid-washing the crude light oil, then provide 
settling and storage from which the washed light oil is 
charged either to batch stills for production of desired 
grades of pure products, or is fed continuously to the 
pure continuous stills. The first continuous column, a 
residue remover, removes the residue from the washed 
light oil. The second continuous column, a forerunnings 
stripper, takes off heads of the wfished light oil as fore- 
runnings or motor benzene. The third column takes off 
pure benzene. The fourth column takes off pure toluene 
with the commercial xylenes as a side cut or they can 
be pumped from the reboiler and accumulated for a 
batch distillation. 

Residue removal prior to the separation of the oil 
into its principal components is an improvement in 
refining since it eliminates impurities in the pure prod- 
ucts and the need for treatment of the still vapors or 
products with an aqueous solution of caustic soda. The 
continued heating of the residue, if it is a residual 
product of all the distillations, results in decomposition 
reactions of the polymerized materials producing 
sulphur dioxide, which, together with the hydrogen 
sulphide present, results in free sulphur. 

Forerunnings, which are the lowest boiling point con- 




stitiu'iiis of Iho light oil (such as hydrogen sulphide, 
methyl mercaptan, butadiene, butylenes, amylenes, 
cyclo}>entadiene, carbon disulphide, and other com- 
pounds) must be removed in any operation with a 
stripper column if they are present in the oil. This is 
ru’ct.'ssary to produce good grades of motor Ijenzene and 
pure benzene. If the sulphur impurities are sufficiently 
low in the light oil, all of the forerunnings can be added 
to the motor benzene fraction. Unfortunately, non-gum- 
forming unsaturated hydrocarbons which have good 
motor-fuel ratings are removed along with gum- 
forming unsaturates in acid washing. 

The semi-continuou.s process is adapted to refining 


light oils which require the removal of forerunning.^ and 
in which the production of unwashed motor benzene is 
desired. The general plan of design with a light oil dry 
at 320 ” F (100 " C) would consist of two continuous stills 
followed by as many batch stills as desirable with an 
acid-washing process interposed between the two distil- 
lation units (Figure 5- -14). The bulk of the distillation 
is carried out in the continuous crude stills. The first 
column is a forerunnings stripper and the second col- 
umn lakes ofT all or part of the benzene content of the 
light oil as unwashed motor benzene, the amount de- 
pending on the pure benzene requirements. 

The motor-benzene fraction thus produced contains 
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Fio. 5—16. Exterior view of a benzene plant showing distillation columns and other equipment for the continuous dis- 
tillation of light oil. 
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impurities which would normally be removed by an 
acid-washing operation. If allowed to stand, certain of 
the xmsaturated impurities polymerize to form gums 
which result in trouble in an engine burning such motor 
benzene. Formation of the gums in the motor benzene is 
prevented by addition of an inhibitor (an organic anti- 
oxidant), but none of the unsaturates or other impu- 
rities, which are desirable due to their fuel value, are 
removed by this treatment. After removal of this un- 
washed motor benzene, the fraction containing the re- 
mainder of the benzene, toluene and xylene is acid- 
washed and batch distilled for production of washed 
motor benzene, pure benzene, pure toluene and com- 
mercial xylene. 

If light oil, containing heavy solvents, and having a 
dry point of 390 “ F (200 ® C) is processed, an additional 
column becomes necessary in the layout. This would be 
a continuous crude column and number three in the 
lineup. The overhead of this column would be benzene, 
toluene and xylene, which would be acid-washed. The 
bottoms of this column, crude residue consisting of used 
wash oil, solvents, and naphthalene, would be batch 
distilled to recover crude heavy solvent. The residue of 
this batch distillation, containing used wash oil and 
naphthalene, is processed in crystallizing pans for the 
recovery of crude naphthalene, while the used wash oil 
is returned to the wash -oil system. 

Another technique used in the smaller installations 
IS to have one batch still in addition to the continuous 
crude stills and operate part time continuous and finish 
up with batch operation. In this case, washed oil is fed 


to the column and benzene is removed continuously, 
allowing the toluene and xylene to build up in the 
kettle. When the kettle becomes filled, the feed is dis- 
continued and the unit is then operated as a batch still, 
and first the toluene distilled over, then the xylene. 

In a continuous process (Figures 5—15 and 5 — 16), 
with a light oil dry at 390® F (200" C), the continuous 
crude unit would have three columns, the first for fore- 
runnings, the second for unwashed motor benzene, and 
the third for producing the benzene, toluene and xylene 
overhead for subsequent recovery of pure products after 
acid washing. The residue, consisting of used wash oil, 
heavy solvcxits and naphthalene, is batch distilled. 

The continuous pure unit would consist of four col- 
umns, the first for removal of pure still residues, the 
second for stripping the small volume of paraffins and 
other low-boiling constituents which may be in the 
washed oil subsequent to pure benzene production on 
the next column. This column can also bo used to re- 
move any part of the benzene content of the oil for 
washed motor benzene production. The third column 
produces pure benzene, and the fourth pure toluene as 
a top product, and xylene with a small volume of heavy 
solvent as a bottom pi’oduct. The bottom product is dis- 
tilled in a batch operation to produce commercial 
xylenes and a refined heavy solvent. 

For the production of additional grades of product, 
or to remove any intennediates between products, it is 
necessary to add another column to the design layout 
since each column produces an individual fraction or 
product. 


SECTION 9 

REFINING OF COAL TAR 


The volatile products resulting from the thermal de- 
composition of bituminous coal contain a yellow vapor 
as a finely divided suspensoid which, upon condensa- 
tion, yields a black viscous material called coal tar. 
There arc many types of coal tar produced, depending 


on the temperature and conditions of carbonization. 
1’he coal tar which has the most important com- 
mercial significance is that produced during the high- 
temperaturc carbonization of bituminous coal. These 
coal tars consist essentially of aromatic hydrocarbons 


PYRIDINE SULFATE 
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which are characterized by ring-type chemical struc- 
ture and contain hucli compounds as benzene, naphtha- 
lene, anthracene and their related hornologues; oxygen- 
ated compounds usually referred to as tar acids which 
include phenol, cresols, and xylenes; nitrogen com- 
pounds in wdiich the nitrogen is included in the ring 
stjucture such as pyridine, incolinos, etc., and only 
very small amounts of the parallinic compounds (Table 
5- 11). 

lliis tyjie of tar is used for the recovery of tar aciJs, 
naphthalene, creosote oils, pyridine bases and pitch 
(Figure 5 — 17). Their recovery requii<\s the use of 
tractional distillation of the tar as the first oiieralion. 
With subsequent use of fractional distillation procedures 
in .some of the other operations, chemical i^xtraction 
lor the removal of acidic and ba.sic compounds wi(h 
sub.sequent purification and refining of the extracts, 
and cry.stalhzing operations foi the recovery ol such 
compounds as naphthalene, anthracene, carl>azolc and 
phenanthrenc. 

These operations may be conducted as batch or con- 
tinuous operations depending principally upon the 
(luantities of material to he proce.'^sed. The following 
description is restricted to one procedure that has been 
found satisfactory and does not neces.sarily represent 
operating practices throughout the industry. 

Distillation of Tar — The raw tar, which is maintained 
at a temperature of about 140 ® F (60 C) in the storage 
system, is continuously pumped into the tar distillation 
system (Figure 5 -18). In its course through the system, 
it is preheated to about 300 “ F (1*50 ® C) by indirect 
heat exchange where it absorbs some of the sensible 
heat of the creosote oil and pitch. It then enters the 
bottom bank of tubes in the tar heater where the tem- 
perature is increased to about 435 °F (225 ‘'C) before 
entering the dehydration column. This column is 
equipped with three fractionating plates and its func- 
tion is to permit the water and low-boiling lar oils to 
be liberated from the hot tar. The water and light oil 
leaving the top of the dehydration column are con- 
densed and run to receiving tanks where the oil and 
water are separated by gravity. It is necessary to con- 
trol the temperature of the column by returning a 
portion of the condensed oil distillate to the top so that 
excessive amounts of oil are not removed. This opera- 
tion is necessary to maintain a differential in the 
specific gravity of the oil and wafer whereby the oil is 
maintained at a density of less than that of the water. 

The residue from this column is free of water and 
leaves the base of the column at a temperature of 355- 
390 “F (180-200 ^ C) . It is then returned to the high- 
temperature section of the tar heater where it is heated 
to about 750 *F (400*0) for the second flash- 
distillation operation. This operation is conducted in a 
fractionating tower where the hot tar is transferred 
to a section near its base and vaporization of the 
volatile constituents lakes place. 

The residue is removed from the bottom of the column 
at a temperature of about 700 “F (370’’ C) whereupon 
its temperature is reduced to about 390 ®F (200° C) 
through heat exchangers to heat incoming raw tar. It 
is then disposed of according to requirements. Pitch 
is used as a binder in making carbon electrodes, as 
roofing pitch, fiber pitch, in the formulation of pipe-line 
enamels, and as fuel. If it is to be used as fuel it may 
bo mixed with un distilled tar in a special type of mixer 
in which the foaming due to mixing hot pitch and wet 
tar can be controlled, or it may be mixed with selected 
fractions of petroleum oil or such combinations as may 
be dictated by operating requirements. A liquid-fuel 
residue may also be produced by reducing the tem- 


Table 5-11. Compounds Recovered from 
Coal Tar and Light Oil* 


I. Neutral Compounds 

(From Light Oil) 


Name 

Formula 

BoiLng 
Point, '^C 

Benzene 

CoH« 

80.1 

'I'oluene 

CoK-.CHt 

110.6 

Meta-Xylene 

CH*(CR.). 

139.3 

Para-Xylene 

CH.(CH,)-‘ 

139.4 

Ortho- Xylene 

C«H.(CH.). 

144 

Mesitylene 

C„H.(CH.).» 

164.6 

Pseud ocum one 

CJ1.(CH,)3 

169.2 

Coumarone 

CsH..O 

174 

In dene 

Cdh 

182.4 

(From Coal Tar) 


Naphthalene 

C.olL 

218 

2 — Methyl Na})blhalene 

C,oH:CH., 

211 

1 Methyl Naphthalene . . . 

C.JhCIT. 

245 

Dimethyl Naphthalene 

CuHACH:), 

255-270 

Acenaphtheno 

C^.H.o 

281 

Fluorene 

CnII.o 

298 

Phenantlirene 

Cull. 

340 

Anthracene 

CnII.o 

342 

Fluoranthene 

C.oH.o 

382 

Pyrene 

CjiiHio 

393 

Chrysene 

C.sH,. 

448 

II. Phenolic Compounds 


(From Coal Tar) 


Phenol 

CnH.OH 

181 

Ortho-Cresol 

C.H.(CHOOH 

191 

Para-Cresol 

CJ-I,(CH,)OH 

201 

Meta-Cresol 

C,,H,(CIL,)OH 

202 

2, 4— Xylenol 

C,H:,(CII,):.OH 

211.5 

3, 5 — Xylenol 

c„H,(cn,):.on 

219.5 

Alpha-Naphlhol 

CioROH 

280 

Beta-Naphthol 

CnoROH 

286 

III. Nitrogen Compounds 


(From Coal Tar) 


Pyridine 

Cr.H.N 

115 

2 — Mcthylpyridine 

(Alpha-Picoline) 

CII.N 

129 

3 — Methylpyridine 

(Beta-Picoline) 

C«H,N 

144 

2, 6 — Dime thy Ipyridine 

(Alpha Alpha' Lutidine). 

CvRN 

144.4 

4 — Methylpyridine 

(Gamma-Picoline) 

C«RN 

144.6 

2, 4 — Dimethylpyridine 

(Alpha Gamma Lutidine) 

CvRN 

157.1 

Quinoline 

C,.H7N 

238 

Isoquinoline 

CRN 

243 

Quinaldine 

CioRN 

247.6 

2 — Methyl Isoquinoline 

CioRN 

252 

4 — Methyl Quinoline 

C,oH„N 

264 

Acridine 

Ci«H«N 

346 

Carbazole 

CiJRN 

352 


*This table does not list all of the compounds that have 
been identified. It docs contain some compounds which 
are recovered commercially in very small amounts or 
not at all. 
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perature of distillation to permit the heavy creosote-oil 
fractions to remain with the pitch, which makes it un- 
necessary to blend any cut-back material with the 
residue. It has been demonstrated that this residue is a 
desirable liquid fuel for open-hearth operations as it 
has a heating value of 160,000 to 165,000 Btu per gallon. 

The vapors passing upward within the column travel 
Uirough tray sections equipped with bubble caps and 
downflow pipes to provide a fractional separation of tlie 
vapors into the several components with a prescribed 
distillation range. Reflux is provided by pumping a 
portion of the light distillate into the top of the column. 
This reflux provides control of the temperature gradient 
in the column and makes it possible to remove fractions 
of definite boiling points from selected trays at various 
levels in the column. 

The operation of continuous distillation requires 
careful control at all points in the operating unit. Tlie 
first requisite for successful operation of continuous 
distillation is a uniform feed of constant composition, 
which must be followed by careful control of the tem- 
peratures and pressures at all points in the system. The 
control points selected are the inlet and outlet tem- 
peratures and pressures of the heating section used for 
the dehydration operation, and the comparable points 
for the bank of tubes used to supply heat for distillation 
of the oils. The temperature at the top of each column 
must be controlled by regulation of the reflux oil that 
is pumped into these sections. The temperature of all 
condensers requires control to prevent the deposition 
of crystalline compounds such as naphthalene and 
anthracene. 

The pitch removed from the base of the column may 
have a high solidification point, and its temperature 
must be controlled to provide easy flow in the pipe lines 
and heat exchangers. 

The distillates recovered are separated into the fol- 
lowing fractions: (a) a light-oil fraction (No. 1 carbolic 
oil) with a distillation end-point of about 410* F 
(210* C) which contains, in addition to the normal light- 


oil products, tar acids, pyridine bases and some naph- 
thalene, (b) an intermediate-oil fraction (No. 2 carbolic 
oil) with a distillation end-point of about 480* F 
(250* C) which contains tar acids and the major portion 
of the naphthalene, (c) an anthracenc-oil fraction boil- 
ing above 480* F (250* C) in which the end-point is 
controlled by the temperature to which the tar is heated 
prior to entering the column. 

The light-oil fraction is processed for the recovery 
of pyridine bases and crude tar acids, after which the 
light oil is removed by distillation and the residual 
naphthalene is processed for the recovery of salable 
naphthalene. 

The intermediate-oil fraction is processed for the 
recovery of crude tar acids and then for naphthalene in 
the same process as noted above for the residual portion 
of the light-oil fraction. 

The anthracene-oil fraction is blended with the drain 
oil from the naphthalene process for the production of 
various grades of creosote oil. 

The residual pitch from the tar distillation is used for 
fuel in the open hearths and heating furnaces in the 
various steel-producing facilities. It is neces.sary to 
blend it with fuel oil or virgin tar to lower the viscosity 
prior to its burning as a fuel. Other uses previously 
mentioned are in the manufacture of carbon electrodes, 
roofing pitch, pipe-line enamels, and as saturating pitch. 

A description of methods for the processing of the 
light-oil and intermediate-oil fractions will follow. 

Pyridine Sulphate Recovery— Recovery of pyridine 
bases from tar oils is a comparatively simple process. 
Essentially, a solution of sulphuric acid is circulated 
through the oil, combining with the tar bases present 
to form pyridine sulphate according to the following 
reaction: 

C.-sH.nN + H2S04"^(aHr,N)H2S04 

The pyridine sulphate is separated from the oil by 
gravity. 

The first step in the process is dilution of the 60* Be 
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sulphuric acid with water in a lead-lined tank equipped 
with an agitator. A solution containing about 17 per 
cent of commercial acid has been found to give best 
results. 

About 8,r)00 gallons of fresh oil is pumped into the 
washer, along with 1,500 to 1,700 gallons of the acid 
solution which has been about two-thirds reacted by 
two previous washes. This effects a partial extraction 
of the pyridine, and completes the conversion of the 
sulphuric acid to pyridine sulphate. The crude pyridine 
sulphate solution is separated from the oil by decanta- 
tion and is then ready to be rectified. The once -washed 
oil in the washer is washed again by acid solution which 
ha.s been one-third satisfied by one previous wash. The 
oil is finally stripped of remaining pyridine bases by 
the third wash, using the fresh sulphuric- acid solution. 

Rectification of the pyridine sulphate is the final step. 
It means simply that the sulphate solution is boiled in 
the rectifier by means of coils carrying live steam, the 
generated water vapor carrying away the unwanted 
oil, naphthalene and tar acids in the sulphate. These 
vapors are condensed and processed for the recovery of 
tar acids. 

The rectified pyridine sulphate is then ready for 
springing with ammonia and distillation for recovery of 
refined pyridine, as described previously in Section 6. 

The pyridine-free oil which has been separated from 
the pyridine sulphate by gravity in the washer still 
possesses a small acid content which must be removed 
to make it suitable for furtlicr processing. A weak solu- 
tion of soda ash in water (about 12 to 14 per cent) is 
used for the purpose, giving the following reaction: 

H 2 SO 4 4- Na2CD.«->Na2S04 + H 2 O + CO 2 

The reaction takes place as the oil is continually pumped 
through the neutralizer containing the soda-ash solu- 
tion. The sodium-sulphate solution formed in the neu- 
tralizing reaction is a waste material and is disposed of 
in coke-quenching towers. 

Pyridine bases also are recovered from saturator 
liquors, as described in Section 6 of this chapter. 

Tar Add Recovery— It is frequently difficult to make 
a choice between processes and equipment used in these 
processes for the recovery of tar acids from tar dis- 
tillates. The processing steps involved, combinations of 
equipment used, and descriptions of the equipment fol- 
low. 

Washing removes tar acids in the form of phenol 
(CeHsOH) and phenol homologues from the carbolic 
oils by simple contact with caustic soda to form sodiiun 
phenolate according to the equation: 

CeHftOH + NaOH->C6Hr.ONa + H 2 O 

The washer is a suitably proportioned cone-bottom tank 
with a spray or other (low-distributing mechanism at 
the top. Steam-heated coils are provided in the bottom 
of the washer to maintain fluidity of naphthalene- 
bearing oils and a desirable reaction temperature of 
about 167 * F (75 * C) . A mixture comprising 50 per 
cent carbolic oil and 50 per cent caustic-soda solution 
(8.5 per cent NaOH) is added to the washer. Caustic is 
circulated by pump from the bottom of the washer back 
into the top, filtering down through the carbolic oil by 
gravity and removing tar acids from the oil by contact. 
This process is preferred because more violent methods, 
such as mechanically agitating the oil and caustic to- 
gether, tend to form emulsions which, on occasion, are 
almost impossible to separate. Oil and carbolate are 
readily separated by gravity when no emulsion exists. 

Rectifying is a process required to remove undesirable 
pyridine bases (if not previously removed), offs and 


naphthalene from the carbolate or sodium phenolate 
by boiling, usually under vacuum. 

Springing (liberation of tar acids in sodium phenolate 
solution) can be accomplished by neutralization with 
sulphuric acid or carbon dioxide gas according to the 
following reactions: 

2CJir,ONa + H2S04-> 2Ct.Hr.OH + Na2S04 
2C6H50Na -f H 2 O 4- C02-> 2CbHr.OH 4- NazCOs 

If sulphuric acid is used, no special equipment is 
needed except a tank equipped for agitation. Com- 
mercial acid is added to the carbolate during ngilation 
to the extent needed to convert all the carbolate to tar 
acids and sodium sulphate. The tar acids and sulphate 
separate by gravity. 

If carbon dioxide gas is used, more complicated equip- 
ment is necessary in the form of a series of 3 to 6 
towers packed with grids or baffles. Carbolate pumped 
to the top of these towers trickles down through the 
grids, coming in contact with the CO* gas which is ad- 
mitted to the bottom of the column and passes upward 
countercurrently to the flow of liquid. 

Method I (Figure 5—19) shows the minimum plant 
for tar acid recovery with three items of processing 
equipment — washer, rectifier and springer. The chief 
advantage of this plant is the very small investment 
required. The crude tar acids it produces may contain 
small quantities of sulphur compounds causing cor- 
rosion of equipment in the subsequent distillation of the 
tar acids. 

Method n — The acid springer is replaced by carbon- 
dioxide springing towers (commonly called carbonating 
towers), and facilities for the production of lime and 
caustic soda added. A largely noncorrosive product is 
obtained at lower unit cost. Coke, limestone and small 
quantities of soda ash are required which produce 
the caustic soda for washing of oil and the carbon 
dioxide gas for springing of tar acids. 

The particular virtue of this method lies in the fact 
that the sodium carbonate initially supplied to the 
system may be regenerated completely. The production 
of sodium hydroxide, the formation of sodium phenolate, 
the liberation of tar acids and the regeneration of the 
sodium carbonate are shown in the following series 
of formulas: 

(a) Na2C03 4- CaO 4- H 2 O 2NaOH 4- CaCO.i 

(b) Cf.Hr.OH -f- NaOH-» CfiH .ONa -f H 2 O 

(c) 2C6Hr.ONa -f- H 2 O + CO 2 -> 2C6Hr>OH 4 - Na 2 CO.T 

Lime (CaO) and carbon dioxide gas (COa) are pro- 
duced in the vertical lime kiln from limestone (CaCO.i) 
and coke fuel, according to the equation: 

CaCOii 4“ C 4" ^2 CaO 4" 2 CO 2 

Method III, as shown in Figure 5 — 19, is an all- 
continuous method in which the procedure and equip- 
ment are as illustrated. 

Batch Rectifier — The boiling of the carbolate (sodium 
phenolate) produces a steam distillation which removes 
small quantities of naphthalene, oils and tar bases which 
gravity separation in the washers did not remove. The 
boiling is done under vacuum to permit use of low- 
pressure steam and to reduce hydrolysis of carbolates 
to tar acids which would be carried over with the 
vapors. This is a comparatively simple apparatus, the 
only design problem being provision of adequate heat- 
ing and condensing capacities. 

Batch Carbonating, or Springing System— The towers 
(about 25 ft. high) contain steel hurdles or baffles. 
Carbolate, circulated by pump from the reservoir at the 
bottom to the top of the tower, trickles down through 
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the hurdles to be contacted by the CO 2 gas moving 
countercurrently to the liquid. The CO 2 gas is delivered 
to the carbonators from the lime kiln by rotary positive 
blowers. The following description applies to a system 
employing four towers. 

When the reaction has reached completion in the last 
carbonator (No. 4), the solution of free tar acids, car- 
bonate and a low concentration of carbolate is pumped 
from the reservoir, and this reservoir recharged with the 
solution from the reservoir of No. 3 carbonator. The 
reaction in this solution has reached the stage of being 
three-fourths completed, having a higher concentration 
of carbolate and a lower concentration of free tar acids 
and carbonate than No. 4 carbonator. In turn No. 2 and 
No. 1 carbonator solutions are pumped to the carbona- 
tors ahead, No. 3 and No. 2 respectively, and No. 1 
carbonator is recharged with fresh carbolate. In this 
way, the highest concentration of CO 2 gas is caused to 
react with the lowest concentration of carbolate in No. 4 
carbonator, while the almost spent gas contacts the 
strongest concentration of carbolate in No. 1 carbonator. 
This system of circulation is designed to achieve maxi- 
mum usage of the CO 2 gas available. 

Here, the design problem is mainly one of capacity. 
If the contact time between liquid and gas is adequate, 
about 180 cu. ft. of 30 per cent carbon-dioxide gas will 
suffice to liberate each gallon of tar acid. Since salts have 
a tendency to build up on the hurdles in the towers, it 


is necessary to provide means for removing and cleaning 
of hurdles. Ordinary materials of construction can be 
used throughout. 

Lime Kiln — In order to reduce to a minimum the 
carry-over of undesirable salts into the subsequent 
chemical reactions, limestone of maximum purity is 
required for the lime kiln, as well as for most other 
chemical processes. The coke fuel must be carefully 
chosen as to size in order to be completely and ef- 
ficiently consumed in the burning area of the kiln. 

In operation, limestone and coke in proportions of 
8 to 10 pounds of stone to one of coke are charged by 
skip hoist into the charging bell at the top of the kiln at 
regular intervals. Burned lime is removed either con- 
tinuously or intermittently by rotation of the mound- 
shaped hearth at the bottom. Stack gases pass from the 
cast-iron acorn (situated at the center of the kiln near 
the top) to the atmosphere by way of the stack on one 
side of the acorn, or to the boosters for use in the 
system by way of the opposite side of the acorn. The 
reaction taking place in the kiln is chemically expressed 
by the equation; 

OaCOs "h C -f- O 2 CaO 2 CO 2 

or, in other words, limestone plus coke (carbon) plus 
air (oxygen) produces lime and carbon dioxide gas 
when heat results from bumipg of the coke. The stack 
gases produced are first passed through a cyclone dust 
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catcher of conventional design and a gas scrubber before 
taking part in the chemical process. The scrubber is 
simply a limestone- packed tower into which water is 
sprayed at the top. The kiln gases, entering at the bottom 
and leaving at the top, are cooled and stripped of their 
water-soluble constituents. 

Chief design problems for local determination concern 
facilities for unloading, sorting, screening and propor- 
tioning the limestone and coke for charging into the 
kiln, along with screening, crushing, conveying, storing 
and distribution of tlie resulting lime. 

Caustic soda (NaOH) is produced by bringing soda 
ash (NaaCOj) and lime (CaO) together in the proper 
proportions and at the right temperature in the presence 
of water according to the equation: 

Na2C03 -h CaO -f H 2 O 2NaOH + CaCOa 

Batch Caustic System — A solution of soda ash in 
water of the desired quantity and strength is added to 
the batch causticizers (or causticizing tanks), and 
heated to about 90 ® C. The necessary quantity of lime is 
then delivered to each causticizer and agitated by 
slowly rotating blades. Heat of reaction raises the 
temperature of the charge to about 98 ® C. After reaction 
is complete, agitation is stopped and the batch allowed to 
settle, the calcium -carbonate sludge settling to the bot- 
tom. After settling, the clear caustic soda is skimmed off 
the top, following which the calcium -carbonate sludge 
is filtered to recover all possible liquid materials. The 
filter cake is disposed of to a dump to waste disposal. 

This is a comparatively simple and flexible system 
involving no particular problems of design or materials 
of construction and can be installed at minimum cost. It 
presents an operating problem, however, since the heat 
of reaction when lime is added can readily cause the 
batch to overflow. Moreover, it is impossible, with this 
kind of equipment, to prevent carry-over of small 
quantities of calcium-carbonate sludge with the caustic 
soda. This entrained sludge distributes itself all through 
the tanks and processing equipment used in the re- 
covery of crude tar acids, necessitating periodic cleaning 
of facilities. 

Continuous Causticizing System — By this method a 
predetermined concentration of soda ash in water, to- 
gether with the proper proportion of crushed lime, is 
fed continuously into a slaker. A tubular steam heater 
automatically maintains the soda-ash solution at a 
temperature of 207 * F (97 “ C) at the entrance to the 
slaker. The slaker is a rotating cylinder which serves the 
dual purpose of completely slaking the lime and elim- 
inating large solids such as unbumed coke and raw 
limestone cores. The mixture passes, by gravity, into a 
classifier which removes small solids. The mixture is 
pumped from this point to three overhead, cascaded 
mixers, or causticizers, equipped with agitators which 
serve the purpose of allowing necessary time for the 
chemical reaction to be completely finished before en- 
tering the thickener. The completely reacted mixture of 
caustic soda and calcium-carbonate sludge flows into the 
top center of the thickener, where clear caustic soda 
is continuously drawn off the top outer rim of the 
thickener as washed calcium-carbonate sludge is 
pumped off the bottom. The sludge, after filtering, may 
be recalcined in a rotary kiln or sent to waste disposal. 

This system, while more expensive to build than a 
batch plant, has the advantage of requiring much less 
space for a given capacity. 

Rotary Kiln — Calcium -carbonate sludge from the 
thickener is dried in the vacuum rotary filter shown 
above the charging end of the kiln in Figure 5 — 19. The 
filter cake is dropped to a worm conveyor which charges 


the cake into the rotating, brick -lined cylinder. Rotation 
of the slightly inclined kiln moves the sludge slowly 
toward the discharge end as the burning fuel (coke 
oven gas in this case), converts the sludge to lime with 
the same chemical reaction as that which takes place 
in a vertical kiln. A temperature of about 1650 “F 
(900“ C) in the flue is maintained. 

The design problem for this type of kiln is exceed- 
ingly complex especially where high CO 2 content in 
flue gases is specified for use in the process. 

Tar-Acid Refining — The refining of crude tar acids 
is a distillation problem similar, in most respects, to 
the problems discussed at length in benzene refining. 
Crude tar acids are fractionated to produce the com- 
paratively pure components, usually as phenol, ortho 
cresol, meta-para cresol, and xylenes. Meta-para cresol 
is composed of two close boiling compounds, meta 
cresol and para cresol, differing in boiling point by 
about one degree Centigrade. Xylenes, composed of six 
isomers boiling between 410 “F (210“ C) and 437 “F 
(225 “ C) and higher boiling tar acids, may be cut into 
such fractions as the market demands and the distilling 
facilities permit. 

Only two essential items of equipment are involved 
(other than such obvious items as tanks, pumps and 
piping) , a pot still or healer, and a fractionating column. 
The number of trays in the columns would be dictated 
by the degree of purity desired in the finished product. 
Known installntions vary from 40 to 80 trays or plates 
per column. The present trend is towards more trays to 
obtain products of higher purity. Distillation can be 
made at atmospheric pressure or under vacuum. 

Horizontal Pot Still — The horizontal pot still consists 
of a horizontal tank resting upon a brick furnace with 
about one-third of its surface expo.sed to the heat. Gas 
is used as fuel. The arched brickwork of the combustion 
oven is studded with small flues or perforations which 
admit the heat to the bottom of the still without ex- 
posing the still bottom to direct flame. A disadvantage 
of this type of pot still is the comparatively small heat- 
ing surface. Vapors from the boiling tar acids pass 
through the small dome at the top of the still to the 
fractionating column for effecting separation in a 
typical batch distillation process. One of the problems 
of tar-acid distillatio?i by this process is the neces'^ity 
for frequent cleaning of salts and decomposition prod- 
ucts from the inner surfaces of the pot. 

Vertical Pot Still — This is a vertical tank resting upon 
a brick furnace with about two-thirds of the surface 
exposed to the heat. Residue removal from the pot is 
difficult, and the tail pipe (drain line) frequently is 
difficult to clean and maintain. Direct application of 
high heat not only causes a certain amount of decom- 
position of the tar acids with attendant loss of product 
but also causes burning and rapid deterioration and 
corrosion of the pot itself; the maintenance is, there- 
fore, high. 

Steam -Heated Vacuum Batch Still — The kettle, or pot, 
is simply a horizontal tank which serves as a reservoir 
for the crude tar acids and a chamber for the release of 
the vapors. The contents of the kettle are continuously 
circulated by pump through a heater and back into the 
top of the kettle where vapors arc released and pass Into 
the bottom of the column for fractionation. Since the 
whole system is maintained under high vacuum, steam 
at 150 pounds pressure is adequate as a source of h^at. 
The heater consists of a group of steam tubes around 
which the flow of tar acids is directed by a series of 
baffles. 

This method of distilling tar acids reduces both de- 
composition of the material handled and corrosion of 
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Fig. 5 — 20. Schematic representation of steps and equipment used in the recovery of naphthalene. 


equipment. Standard materials of construction may be 
used throughout. Use of stainless steel in the vapor line, 
condenser and product lino prolongs life and reduces 
contamniation of products. 

Naphthalene Recovery — The di.stillation of tar pro- 
duces an overhead fraction con.sisting of carbolic oil, 
naphthalene and other neutral oils. Following the re- 
moval of tar acids by caustic washing, the remaining 
oils and naphthalene are pumped to equipment where 
the naphthalene is recovered by crystallization and/or 
distillation (Figure 5—20). The crystallization step is 
necessary sometimes since there are impurities present 
tliat caimot be removed by distillation alone. 

The crude separation of the naphthalene where 
crystallization is necessary is accomplished in a series of 
continuous crystallizer units, each water-jacketed for 
cooling purposes and equipped with a slow-specd spiral 
stirrer to keep the crystals in suspension in the oil. The 
crystallizer feed tanks are maintained at 170® F. 

The crude naphthalene crystals obtained from these 
crystallizer units are centrifuged, melted, and then 
pumped to the distillation section for refinement. To 
maintain a uniform feed for the centrifuges, the slurry 
from the crystallizer units at a temperature of about 
70® F is first passed into an agitated slurry lank. From 
this slurry tank, the slurry is pumped to automatically 
controlled centrifuges which separate the naphthalene 


crystals from the oils in the slurry. Part of this mixture 
of oils is recycled to the crystallizers while the re- 
mainder is pumped to storage. The centrifuged naphtha- 
lene crystals, on the other hand, are dropped into 
melting tanks to be melted by indirect steam and then 
pumped to a feed tank for the distillation section. 

This distillation equipment is designed to refine the 
melted naphthalene by separating it into a light oil, 
refined naphthalene and a heavy oil. The first distilla- 
tion colurrm receives the melted naphathalene from the 
feed tank, which is maintained at 200 ® F. This column 
produces an overhead fraction of light neutral oil which 
is condensed in a water-cooled condenser and passed 
to a surge lank; reflux from this tank is returned to the 
first column at a controlled rate. The residue is pumped 
to the second fractionating column at a controlled rate.* 
An overhead of naphthalene is produced in the second 
column and condensed in a water-cooled condenser. The 
condensed naphthalene is received in a shipping tank 
maintained at 250 ® F from which it can be pumped 
directly to tank cars or tank trucks for shipment. The 
residue from this second column is cooled to about 
250 ® F and pumped to storage. The neutral oils after 
naphthalene recovery generally are blended wilh high- 
boiling anthracene oils also separated from tar to 
produce specification grades of creosote oils for use 
as wood preservatives. 


SECTION 10 

USES OF COKE, COKE-OVEN GAS AND COAL CHEMICALS 


Metallurgical Coke — Coke is used for production of 
iron in blast furnaces and the coke dust as a fuel for 
steam generation in boiler houses. 

Fuel Gas — After the recovery of coal chemicals, the 
gas provides fuel for heating the coke ovens, and the 
excess gas goes to the steel-producing units for heating 
open hearths and reheating furnaces. When practicable, 
other gas of lower Btu value may profitably replace the 
coke-oven gas for firing the ovens. 

Ammonium Sulphate — The ammonium sulphate re- 
covered from coke-oven gas is used for admixture wilh 
phosphate and potash constituents to provide balanced 
agricultural fertilizers for the various requirements, or 


it may be used for direct application where nitrogen is 
the only requirement at the time of use. 

Phenol — Phenol (CHr.OH), sometimes called carbolic 
acid, is recovered from both coal tar and ammonia 
liquor, and has the lowest boiling point of any of the 
tar acids. Its most important use is in the manufacture of 
resinous condensation products by reaction with for- 
maldehyde, e.g., “Bakelite”. As a chemical intermediate 
it is used in the preparation of synthetic tannins, dye 
intermediates, perfumes, plasticizers, picric acid, sali- 
cylic acid, and in the refining of lubricating oils. 

Orlho Crcsol — Ortho cresol (CHtCH^OH), another 
tar acid, is also used in the production of synthetic 
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resins to control the plasticity of the resin. It is nitrated 
to produce insecticides and weed killers. It is used in 
various orj^anic syntheses and in the production of 
artificial flavors and perfumes. 

Mcla-Para Cresol-— Meta -para cresol (CH 3 C 6 H 4 OH) 
is a combination of two tar acids with boiling points 
too close together (394 and 396 201 and 202 “C) to 

permit separation at present with available plant scale 
dLstiliation facilities. As in the case of the two previous 
tor acids, its chief use is in the production of synthetic 
resins and the plasticizer tricresyl phosphate. It is also 
used in organic synthesis and in the production of 
insecticides, dyestuffs, pharmaceuticals and photo- 
graphic compounds. 

Xylenes — Xylenes (C 6 HjOH(CHj) 2 ) are composed of 
six isomers, with boiling points ranging from 410 to 
437 “F (210 to 225® C). Their uses are much like the 
other tar acids. Commercial xylenes are used as solvents 
for paints, enamels, varnishes, lacquers, azo dyes, 
aniline resins, acid proofing and rubber cement. The 
better grades, 3® and 5® xylenes are used for trinitro- 
xylene, an explosive, and as raw materials for manu- 
facturing pharmaceuticals, mothproofing agents, per- 
fumes, sulfonic acids and xylyl bromide, a poison gas. 
Some of them find application as flotation oils used in 
the refining of ores. 

Naphthalene —Naphthalene is recovered both from 
tar and light oil. It has the formula CioHs and is one of 
the most versatile and important of the industrial 
organic chemicals, being an essential raw material for 
the preparation of a great many products. It is recog- 
nized by everyone in the form of moth balls. Its partial 
oxidation product, phthalic anhydride, Ls used quite 
extensively in the production of resin.s, lacquers and 
plastics of various kinds and for dyestuffs for fabrics, 
paper and paint. Derivatives of naphthalene are used in 
the manufacture of explosives, soaps, photographic 
chemicals, wetting agents, insecticides, disinfectants and 
pharmaceuticals, synthetic tannins, oils, fuels and in 
organic syntheses, all of which include only a part of its 
widespread present and potential application. 

Creosote Oil — Creosote oil (from coal tar) constitutes 
a large part of the distillate from tar, and is a blend of 
different fractions to meet specifications established by 
the American Wood Preservers Association. Practically 
all of it goes into the pressure impregnation of wood, 
such as piling, telephone poles and railroad ties. 

Pyridine Bases — The pyridine bases produced from 
the lighter tar oils include pyridine (CsH-iN), the pico- 
lines (CfiH4N CH.-i), lutidines (CsHsN* (CH3)2), and some 
quinoline (C 9 H 7 N). 

Pyridine is an excellent solvent and is used as such 
in the rubber, paint and plastic industries. It is a basic 
material for chemical organic synthesis of industrial 
compounds, such as piperidine, etc. It is also used in the 
production of chemicals for waterproofing fabric and as 


a carrying agent for impregnation of the fabric with the 
waterproofing agents. 

The picolines are also basic materials for organic 
chemical syntheses. It is also used for production of 
nicotinamide and niacinamide, both vitamin substances 
used for augmenting the vitamin content of various 
food.s and also as direct treatment for dietary de- 
ficiencies. 

Pyridine bases arc recovered from saturator liquor 
as well as tar. 

Pitch -Tar Mixture— Pitch, mixed with virgin tar in 
proportions that will maintain fluidity, is an open- 
hearth fuel. Pitch is also employed as a binder in mak- 
ing carbon electrodes, roofing pitch, fiber pitch, and in 
pipe-line enamels. 

Forerunnings — The forerunnings from light-oil re- 
fining contain cyclopentadiene, which can be processed 
to produce dicyclopentadiene. The polymerized products 
are useful as plastics and resins for use in paints and 
protective coatings. 

Pure Benzene — Recovered by refining light oil, ben- 
zene is industrially the most important member of the 
aromatic family. It is used for the manufacture of a 
large proportion of all the coal-tar dyes, styrene 
monomer for synthetic rubber and polystyrene, avia- 
tion gasoline, dichlorobenzene and synthetic phenol. 
Plastics such as nylon, alkyd and polystyrene resins are 
end products derived from pure benzene. It is a chem- 
ical raw material for organic chemicals and is used as 
a general solvent. 

Motor Benzene — ^While large quantities have been 
used in the past as an automotive fuel, its present use 
for this purpose has greatly diminished. It has a high 
anti-knock rating and has been used for this purpose on 
various occasions. 

Pure Toluene— Toluene is used for the production of 
trinitrotoluene (TN.T.), an explosive. Some use is 
found in the production of sulfonamide-formaldehyde 
resins for lacquers and adhesive formulation. It is a 
solvent for varnishes, waxes, resins, lacquer stains, 
enamels, dopes, cellulose esters and ethers. It is used by 
the oil-cloth industry, as a degreasing agent for bone 
and hair, as an extractant for animal and vegetable 
oils, and for printing ink and artificial leather. It is a 
raw material for chemicals and various dyes. 

Crude Heavy Solvent— Crude heavy solvent is the 
source of coumarone-indene resins, which are thermo- 
plastic resins used for rubber compounding, floor tile, 
printing inks, lacquers and chewing gum. It is used for 
ship-bottom paints, pipe coatings, shingle stains, wire 
enamel, brake linings, and bituminous and other dark- 
colored paints. 

Refined Heavy Solvent — ^Refined heavy solvent is used 
in slow-drying solvents for manufacture of shoe polish, 
fiat wall and interior paints, house paints, printing ink 
and enamels. It also is used in the linoleum industry. 



Chapter 6 
IRON ORES 


SECTION 1 


ORES AND THE IRON-BEARING MINERALS 


Minerals and Ores— Any homogeneous inorganic sub- 
stance having a fixed chemical composition or a definite 
range in composition and occurring naturally in the 
solid state is called a mineral species. A mineral, there- 
fore, may be either an element or a compound of two or 
more elements. A few elements, like gold and platinum, 
o(‘rur for the most part native. Others, like silver, 
copper, mercury, sulphur, and carbon, may be found 
both native and combined. Most minerals, of which 
more than 1,500 species have been discovered and 
named, such as quartz, feldspar, hematite, hornblende, 
calcite, mica, etc., or their varieties, represent definite 
chemical compounds. A natural deposit of but a single 
mineral is seldom encountered in nature because die 
many forces at work usually produce conditions favor- 
id)le to the cr(*ation or co-existence of more than one 
mineral in the same environment. While such a deposit 
is of course ideal, most natural deposits of which the 
ores are constituted are comprised of several minerals, 
the undesirable ones collectively being termed the 
^angue of the ore. In general, then, an ore is defined 
as a mineral or a mixture of minerals from which one 
or more elements may be extracted with profit. 

The Iron -Bearing Minerals -Tliere is a vast number 
of mineral species that contain iron. Only a few are of 
any importance commercially, because, in most cases, 
cither the iron content is too low to justify the extrac- 
tion of the metal or the mineral itself does not occur in 
sufficient abundance to make it available for use as an 
ore. Grouped according to their chemical composition, 
the iron-bearing minerals of chief importance are di- 
vided into four classes; namely, the iron oxides, iron 
carbonates, iron silicates, and iron sulphides. Of these, 
only the first and second classes may be con.sidered as 
a factor in the manufacture of steel in the United States 
at present, although silicates have some promise of be- 
ing used when cost factors change. 


Table G— L Chief Iron -Bearing Minerals 


Chemical Name 

1. Ferrosoferric Oxide 

2. Anhydrous Ferric Oxide 

3. Hydrous Ferric Oxides 

4. Ferrous Carbonate 

5. Iron Silicates 

6. Iron Sulphides 


Mineralogical Name 

Magnetite 

Hematite 

Limonite and others 
Siderite 

Chloropal and others 
Pyrite and others 


Magnetite Group — ^The only important mineral of this 
group is magnetite, chemical formula Fe 804 , composed 
of iron, 72.4 per cent, and oxygen, 27.6 per cent. It varies 
in color from gray to black, has a speciffc gravity of 
about 5.0, and is magnetic. Advantage is taken of this 
last named property in locating ore bodies below the 
surface of the ground, and in mechanically purifying 


ores of this group by magnetic concentration. Magnetite 
IS often found closely associated with igneous rocks, in 
which case it is likely to contain appreciable amounts 
of chromium or titanium oxides which cannot be re- 
moved from it by magnetic concentration. In benefi- 
ciation operations, the ore is crushed to the fineness 
required, placed on a broad belt, and passed over a 
strong magnet, usually revolving. The revolving magnet 
holds the magnetic ore on the belt until after the non- 
magnetic gangue has dropped off into one chute, then 
the ore can be collected in another chute. Only about 
5 per cent of the world’s supply of iron is obtained 
Irom magnetite. 

Hematite Group — The typical mineral of this group is 
hematite, which contains the equivalent of 70 per cent 
metallic iron, based on the chemical formula FcaO*. It 
furnishes the base of the world’s most important ores. 
Being associated with rocks of various geological 
periods, these ores occur widely distributed, and in a 
variety of forms, which differ greatly in their iron con- 
tent. Many of these varieties are known from their out- 
standing characteristics as, red hematite, specular 
hematite, oolitic hematite, fossil ore, and Clinton hema- 
tite. The last sometimes contains enough lime to be 
self-fluxing. The pure mineral has a true density or 
specific gravity of about 5.0 but the specific gravities 
of its ores vary from about 1.6 to 5.0 due to porosity. 

Limonite or Brown Ore Group—Limonite is a field 
term generally referring to natural hydrous iron oxides 
whose real identity is unknown. Ores of the limonite 
group contain variable amounts of water and they do 
not all conform strictly to the preceding definition of 
mineral species. As a group they may be represented by 
the general formula FeafOs uHaO. The most common 
member of the group, goethite is a definite mineral 
species with the formula FeaOg'HaO. Terms applied to 
the other members of this group in order of their 
progressive increase in water content are turgite, Jimo- 
nitc, xanthosiderite, and linmite. On a theoretical basis, 
the iron content of this series will vary from 52.31 per 
cent to 66.31 per cent. Their true densities vary from 
3.6 to 4.7, and the apparent densities of their ores from 
1.5 to 4. These minerals are widely distributed through- 
out the world. 

The Carbonate Group— The representative member 
of this group is the mineral known as siderite, or iron 
carbonate, FeCOa, which has a density of about 3.5 
and contains 48.3 per cent iron. Owing to the fact that 
carbonic acid is dibasic, a part of the iron required to 
neutralize it may be replaced by other metals, thus 
giving rise to a series of minerals, such as iron-calcium 
carbonate, iron-magnesium carbonate, etc. Some of the 
names commonly applied to these ores are spathic iron 
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ore, black-band ore, etc. Usually, carbonate ores are 
calcined before they are charged into the blast furnace. 
Frequently, they contain enough lime to be self -fluxing. 

The Silicate Group — Iron silicates arc of more inter- 
est as original sources of iron ores than as sources for 
iron. Like the carbonates, the silicates may be double 
salts in which iron forms only a portion of the base. 
Silicates in which iron forms the principal base include 
chamoisite, chloropal, cronstcdtite, hisingerite, stilp- 
nomclanc, greenalite, minnesotaite, gninerite, daphnite, 
thuringite, and others. Silicates are not mined as a 
source of iron except when they occur associated with 
other iron -bearing oxides. 

Distribution and Supply of Iron Ores— Table 6 — n is 
an attempt to indicate the wide distribution of iron 
ores, the kinds of ore and the estimated available supply 
for each country of the world based upon data from 
many sources believed to be reliable. Available ores 
include those which can be mined and used in their 
natural state, and those amenable to beneficiation by 
present methods at a cost to compete with natural ores. 
In addition there is an even greater potential supply 
that includes ores which, on account of their geographi- 
cal location, chemical composition, or physical con- 
dition, cannot be commercially exploited in competition 
with available ores by present methods of beneficiation, 
transportation and smelting. The table shows that the 
world supply of available ore is roughly 35,000,000,000 
tons and that while about 1/14 of this supply lies 
within the United States, other countries are also well 
supplied; some so well that strong competition in the 
iron and steel business is assured. However, the busi- 
ness does not rest upon ore alone, but also upon coal, 
fluxing materials, refractories and water, all of which 
are required in the manufacture of iron and steel. Even 
with all these raw materials available or close at hand, 
much depends on the ingenuity, resourcefulness, and 

Table G— III. Average Proportion of Annual Production 
of Iron Ore By Continents. 


Per Cent 



Average of 

Average of 

Continent* 

1935 to 1938, 

1946 to 1951, 


Inclusive 

Inclusive 

Africa 

3.2 

3.0 

Asia 

3.4 

2.4 

Europe 

63.4 

43.1 

North America 

27.9 

45.6 

South America 

0.9 

1.9 

Other Sources 
(Australia, Etc.) 

1.2 

4.0 

Totals 

100.0% 

100.0% 


' The percentages of world production of iron ore pro- 
duced by several selected countries or political groups 
were as follows: 

Per Cent 



Average of 

Average of 


1935 to 1938, 

1946 to 1951, 


Inclusive 

Inclusive 

United States 

26.9 

44.1 

Great Britain 

7.4 

6.1 

France 

20.0 

11.6 

Germany (excluding 
the Soviet Zone 

after 1945) 

5.0 

3.6 

U.S.S.R. and Soviet 

Sphere (calculated 

from sources believed 


to be reliable) 

15.8 

15.6 


intelligence of the men who make the products and 
manage the business, and especially of the people of 
the nation so favored. Table 6 — lU summarizes the 
average proportions of annual production of iron ore 
by continents. 

Due to various causes, such as interruption by war, 
change of political control, change in share of world 
markets, depletion of deposits, and others, in certain 
countries, there have been shiftings of the above pro- 
portions among the nations of the earth. For example. 
United States production was half of the world’s total 
for the year 1947. 

Geologic Range of Iron Ores — Just as iron ores have 
a wide geographical range, so do they have a wide 
geological range. They are found in the oldest rocks of 
the earth’s crust (Pre-Cambrian), as well as in the 
most recent, and in rocks of most of the geologic periods 
between these two extremes. Even today, iron-ore 
minerals are being formed in some of our existing bogs, 
lakes, and oceans, though these have no commercial 
importance at present. A summary of a few of the 
world’s important iron-ore occurrences, but including 
a few little-known deposits for purposes of illustration, 
together with their location and the geological age of 
the rocks in which they are found, is shown in Table 
6 — IV. The largest deposits presently producing are 
those of the Lake Superior Region, the Bihar and Orissa 
Provinces in India, and Quebec-Labrador, all of Pre- 
Cambrian Age. 

Formations Associated With Iron Ores — ^Besides 
showing a wide distribution geographically and geo- 
logically, deposits of iron are found associated with 
almost all the principal types of rocks. That is, they 
occur in formations of igneous, metamorphic, and 
sedimentary origin. The form and shape of the deposits 
are, to a certain extent, governed by the types of rocks 
in which they occur. Deposits exist generally as irregu- 
lar and lenticular shoots in schists and igneous rocks 
and as flat-lying, tabular beds in the sedimentary for- 
mations, as, for example, the Wabana ores of New- 
foundland. 

The Lake Superior ores, the Alabama ores, and the 
Minette ores of Luxemburg, France, and Germany, are 
in sedimentary rocks, the Lake Superior ores being 
found in jaspers, cherts, and slates, and the other two 
in calcareous sandstones and shales. On the other hand, 
the magnetic ores of Kirunavaara, Sweden, are found 
in syenites and quartz porphyries, while the ores of 
Chile occur in dioritc and diabase, both occurrences 
being in igneous rocks. Metamorphic rocks in the form 
of granitic and syenitic gneisses enclose the ores of 
Northern New York and New Jersey. 

Origin of Iron Ores — Naturally, the form and mineral 
content of iron ores are closely allied to their rock 
associations and to their mode of origin. By the latter 
term is meant how the iron-bearing minerals as now 
found were introduced or concentrated in the rocks now 
enclosing them. It is a curious fact that although de- 
posits of these ores have been extensively studied and 
worked for years, and though they rank among the 
most common of metallic ores, opinions as to the mode 
of origin of numerous deposits are wide and varied. 

This diversity of opinion is, in part, due to the ever- 
changing and increasing knowledge of geology and its 
allied sciences, principally physics and chemistry, for 
the natural concentration and development of iron- 
bearing minerals are dependent upon the physical and 
chemical laws of nature. 

The methods of formation and natural concentration 
of iron ores may, for simplicity, be divided into two 
classes: 
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Table 6 — ^IV. Geological Range of Iron Ore Deposits 


Geological Period 


Deposit 


Location 


Quaternary 

Recent Taza Hematite & Limoni tc 

St. Lawrence Magnetite placers 


French Morocco 
Quebec, New York 


Tertiary 

Pliocene 

Miocene 

Oligocene 

Eocene 


* Kerch Oolitic Limonite 
El Tofo Magnetite 

Honshu and Hokkaido gravel placers 
Cheikh-Ab-Charg Hematite 
Upper Assam Clay Ironstones 


Crimea, Russia 
Chile, South America 
Japanese Archipelago 
Persia 
India 


Mesozoic 

Cretaceous 


Jurassic 

Triassic 


* Salzgittcr Limonite & Hematite 
Bilbao Hematite 

Algerian & Moroccan Magnetite & Hematite 

• Minctte Limonite & Hematite 
Iron Springs Magnetite 

Kashmir Calcareous Iron Ore (Hematite) 


Germany 

Spain 

North Africa 

France, Germany & Luxemburg 


Utah 

India 


Paleozoic 

Permian 

Carboniferous 

Devonian 

Silurian 

Ordovician 

Cambrian 


Damuda Sandstone (Hematite) 

* Black Band Ironstones 
Ohio Siderite Ores 

* Seigerland Siderite 
Oriskany Limonite & Hematite 

* Clinton Hematites 

* Wabana Oolitic Hematites 

Residual Limoniles of the Appalachians 


India 

British Isles 
Ohio 
Germany 
Virginia 
Alabama 
Newfoundland 
Georgia, Virginia 
Alabama, Tennessee 


Pre- Cambrian * Minas Gerais Hematite 

* Krivoi Rog Hematites 

* Bihar, Orissa & Bastar Hematites 

* Labrador Hematite 

* Lake Superior Taconites and 

Ja.spilites, Hematites & Magnetites 

* Cerro Bolivar & El Pao Hematites 

* Kirunavaara Magnetite 

• Well known, important deposits. 


Brazil 

Ukraine, Russia 
India 

Quebec & Labrador 
Michigan, Wisconsin, 
Minnesota, Ontario 
Venezuela 
Sweden 


1. Ores concentrated through the action of mechani- 
cal forces. 

2. Ores formed by chemical action and physical 
change. 

In the first group the iron minerals, together with 
other detrital material (sands, etc.), were set free by 
the weathering and disintegration of rocks formerly 
containing them. This detrital material was then trans- 
ported mechanically by streams or the waves of the sea 
and redeposited in layers or beds richer in iron content 
than the rocks from which the iron minerals were 
derived. The concentration thus brought about is made 
possible by the fact that the higher specific gravity of 
the minerals containing iron caused their deposition 
sooner than the other lighter sands, which were carried 
farther on. Thus originated most of the stream and 
b^ach placer deposits of magnetite sands, as well as some 
of the sedimentary hematite deposits of Iron ore now 
mined. The deposition in these cases generally occurred 
in stream beds, lakes, bogs, and along the seacoast. 

In the second group, two methods of concentration 
are involved: 

(a) Crystallization of the minerals from a silicate 
melt or magma. 

(b) Precipitation from solution carrying iron, by re- 
action within the solutions or between the 


solutions and the rocks penetrated by them 
(replacement) . 

In the case of crystallization from a magma, the iron 
minerals, being heavier, tend to be segregated by grav- 
ity during the process of their crystallization from the 
cooling of the silicate melt, with the result that the final 
igneous rock may contain certain areas richer in iron 
minerals than others. It is in this manner that the mag- 
netite deposits of Kirunavaara, Sweden, and the 
Adirondacks Region of New York, are supposed to have 
been formed. 

Where precipitation from solution is involved, the 
iron ores are either introduced or concentrated later in 
the rocks in which they are now found, or formed con- 
temporaneously with them. The solutions may either 
be descending ground waters or ascending hot waters 
and gases, the latter of which accompany or follow 
some period of igneous activity. These waters, in pass- 
ing through the rocks, enrich them in iron materials, 
where iron ore is being formed, either by precipitating 
these minerals in the rocks, or by removing the gangue 
or waste minerals from a rock formation already con- 
taining some iron minerals so that the latter are thereby 
concentrated into an ore. An example of enrichment 
by introduction of minerals to a formation is the dep- 
osition of magnetite in limestone as at Cornwall, Pa. 
Enrichment by leaching of gangue material is exempli- 
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iied by ores of the Lake Superior District, where the 
silica of the iron formation has been removed, leaving 
the hematite behind to form ore. 

Where the silica has not been removed by natural 
leaching, the iron formations still exist in their original, 
metamorphosed state. These unleached formations, 
commonly referred to as taconite in Minnesota and 
jaspilite or Jasper ores in Michigan, are now the sub- 
ject of intense metallurgical research directed towards 
methods of economically removing the silica and con- 
centrating the iron minerals. 


Besides the formation of iron materials through the 
agency of ground waters, they are also precipitated 
from the waters of lakes, streams, and oceans, the 
precipitation being either chemical or through the ac- 
tion of minute bacteria. In these cases, the iron is gen- 
erally accompanied by other sedimentary material such 
as sands or calcium carbonate, and the result is beds or 
layers of iron-rich sandstone or limestone. Thus have 
originated many of our sedimentary iron ore deposits 
such as those of Birmingham, Alabama, or the Minette 
ores of Luxemburg, France, and Gennany. 


SECTION 2 

VALUATION OF ORES 


The Mineralogical Make-Up of Iron Ores — As was 
indicated at the beginning, an ore deposit at best repre- 
sents but a mixture of different minerals, only a part 
of which will contain the element or elements sought. 
All iron ores, then, may be looked upon as being made 
up of these two parts: One part is composed of the iron- 
bearing minerals, which represent definite compounds 
of iron; the other part includes all the other substances 
mixed with these compounds, and is known as the 
gangue of the ore. Evidently, the richness of the ore, by 
which term is meant the proportion by weight of iron to 
all other elements in the ore, depends on the composi- 
tion of the iron-bearing minerals it contains and upon 
the amount of gangue associated with them. In working 
up the ores, their physical condition must also be taken 
into consideration. In this respect, they are subject to 
the widest variation, ranging from soft claylike or 
earthy matter to hard, compact masses. Both extremes 
tend to give trouble in the blast furnace. Thus, the soft, 
fine ores are so apt to choke up a furnace not designed 
to use them that they were once considered practically 
worthless. The successful smelting of these ores repre- 
sents one of the great achievements of American fur- 
nacemen. One objection to very fine ores, and one that 
has not yet been overcome, is that they give rise to 
large amounts of flue dust, which interferes seriously 
with the economical utilization of the furnace gases. 
On the other hand, the very hard and dense ores, which 
enter the furnace in the form of comparatively large 
lumps, are difficult to reduce and require an excessive 
amount of fuel for two principal reasons: first, the 
lumps make an open charge above the zone of fusion, 
which generally leads to channeling; second, the large 
dense lumps offer so small a surface to the gases that 
there is very little reduction of ore by the CO in the gas. 
Both conditions permit the ore to descend to the fusion 
zone before much reduction occurs. Here the tempera- 
ture is so high that reduction must be effected by direct 
action of carbon upon the oxide with the formation of 
carbon monoxide, a process that requires about twice 
as much fuel as the indirect reduction with CO. To 
improve the reducibility, the ore must be crushed to a 
maximum size of 2 inches and screened, as described in 
Section 4. 

Factors in the Valuation of Ores — Omitting relative 
property valuations, prices of competitive ores, costs of 
transportation, and other considerations of a purely 
business nature, the chief factors that determine the 
value of an ore are its richness, its general chemical 
composition, and its physical make-up. The last factor 
has been sufficiently discussed above. The richness of 
the ore will, of cotirse, be made the chief basis for the 
valuation. For this purpose a unit system is employed, 
a unit of iron corresponding to one per cent. But the 


prices of ores, while generally following closely in pro- 
portion, do not rise and fall parallel with the number 
of units of iron they contain, because the gangue to be 
disposed of must also be considered. For example, sup- 
pose two hematite ores containing 63 per cent and 42 
per cent iron are being considered. In the first, 90 per 
cent of the ore is iron oxide, leaving only 10 per cent as 
gangue to be disposed of, but the second represents 
only 60 per cent iron oxide with 40 per cent of its weight 
as gangue to be fluxed and transported. Next to richness 
comes the consideration of the chemical composition of 
the ore as a whole, for certain impurities, such as 
sulphur, when present in only relatively small amounts, 
may make a rich ore worthless. Without taking the 
time to consider ail the possibilities in this connection, 
the more common impurities in ore may be classed as 
follows: 

1. Those impurities that are never reduced in the 
blast furnace and so do not affect the composition of 
the iron are alumina, ALO»; lime, CaO; magnesia, 
MgO; oxides of sodium (Na20), potassium (K 2 O), and 
the other alkali metals; and rare-earth-metal oxides. 
Most of these substances, it will be observed, are strong 
bases, with the exception of alumina which may be either 
an acid or a base. Therefore, the presence of these sub- 
stances in the ore may not be objectionable, for the 
lime and the magnesia, in particular, are valuable as 
fluxes. Alumina also, up to about 5 per cent, may play 
a useful part in regulating the blast furnace. The alka- 
lies for the most part are driven off with the flue dust, 
and with modern appliances they may be recovered as 
a by-product, when present in sufficient amount to 
justify the installation of the necessary equipment. 
Usually, the alkalies are not worth the cost of recovery. 

2. Those impurities that may be partially reduced 
in the blast furnace and give elements that enter the pig 
iron are silica, or the silicates, the sulphates, the 
selenates, titania, and compounds of manganese, 
chromium, vanadium, cobalt, columbium, zirconium, 
and other of the more rare elements. Of these, the silica, 
which term includes both the free silica and the silicates, 
constitutes a large part of the gangue of most ores, and 
as it requires an equal weight of lime or magnesia to 
flux it, it must be considered in fixing the value of dh 
ore. Owing to the fact that the amount reduced in the 
blast furnace is subject to control to a considerable 
extent and that the element is readily removed during 
the process of purifying the pig iron, it is not considered 
of much importance from the standpoint of its effect 
on the steel produced from the iron. This attitude 
toward silica is just the opposite of that displayed 
toward the sulphur compounds. All these compounds 
are reduced in the ftirnace to sulphides, in which form 
the sulphur enters either the metal as ferrous or manga- 
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nese sulphides or the slag as calcium sulphide. Now, 
there is a limit to the quantity of sulphur a given slag 
can absorb, less than 5 per cent with the usual slags, 
and, naturally enough, the nearer this limit is ap- 
proached, the more difficult it becomes to keep the 
sulphtir out of pig iron. Since more than comparatively 
small amounts of this element are undesirable in most 
steels, and it can be removed in steel making only 
partially and with much difficulty, the importance of 
this element in fixing the value of an ore is evident. 
As to the manganese compounds, the amount of this ele- 
ment that enters the iron varies with the manganese 
content of the ore and takes place to the extent of 
nearly 75 per cent of the manganese charged. The per 
cent of this element is, therefore, considered in its rela- 
tion to the iron content. An ore is available for the 
manufacture of the ordinary grades of pig iron when 
the manganese content does not exceed 2 per cent of 
tlie iion content, and for steelmaking grades it is 
preferably kept below 1.5 per cent iron with less than 
0.75 per cent being most desirable for the bessemer 
process. With manganese between 2 per cent and 10 
per cent, calculated on the same basis, it is necessary 
(except for a few grades of merchant iron) to mix the 
ore with others containing little of this element; but if 
the manganese content is 15 per cent to 35 per cent of 
the iron content, then the ore becomes available for 
the manufacture of spiegel. Since manganese is oxidized 
in the manufactui'c of steel, and its reduction consumes 
fuel, the reasons for these limits are self-evident. 
Therefore, ores containing 2 to 10 per cent manganese 
should be classed as maiiganiferous iron ores; those 
with 10 to 35 per cent manganese, as ferruginous manga- 
nese ores; and those containing more than 35 per cent 
manganese, as manganese ores, though 48 to 50 per cent 
is necessary to produce standard 80 per cent ferro- 
manganese, which represents the form of this element 
most valuable in the manufacture of steel. 

3. The impurities that are always reduced in the fur- 
nace and alloy with the iron are all the compounds of 
arsenic and phosphorus. Fortunately, arsenic is not 
common in iron ores, but phosphorus is always present. 
While this clement is easily removed from the metal by 
basic processes, none is eliminated by the acid proc- 
esses, with the result that acid steels contain a higher 
percentage of this element than the average of the 
charge from which the steel is produced. This element, 
therefore, is the basis for the separation of all ores into 
the two great classes, known as bessemer and basic. 
This division, like that for manganese, is made on the 
basis of the relation of the phosphorus content to iron 
content of the ore. Since it is desirable to produce bes- 
semer steel that will contain not more than 0.100 per 


cent of its weight as phosphorus, a true bessemer ore 
would be one, the phosphorus content of which, plus 
tlie phosphorus content of the coke and limestone re- 
quired to smelt and flux it, would produce a pig iron 
with a phosphorus content not exceeding 0.090 per cent. 
Allowing 10 per cent for conversion loss, such a pig 
iron would give a steel containing less than 0.100 per 
cent of its weight of phosphorus. Other elements, the 
compounds of which are reduced in the blast furnace, 
include such metals as nickel, copper, zinc, cadmium, 
indium, tin, etc. Metals like zinc and molybdenum, the 
oxides of which are volatile at temperatures slightly 
above or below their reduction temperature, may not 
all remain in the iron, and may be very objectionable in 
the furnace, as is zinc, which destroys the furnace 
linings. 

Water or moisture is another factor to be considered 
in the valuation of ores, because it adds to the weight 
of ore to be handled and transported. The importance 
of this matter in fixing the value of an ore is seen at 
once when it is pointed out that many of the soft ores 
of the Lake Superior Region carry as much as 12 per 
cent of their weight as hygroscopic water, and a few as 
much as, or more than, 15 per cent. Some ores, such as 
the bog ores, may contain as much as 25 per cent water. 
This moisture content for any particular ore is much 
more nearly constant under varying weather conditions 
than might be expected; but in the case of different ores 
there is a wide variation, ranging from 0.40 per cent 
in some of the hard hematites to 16.80 per cent in a 
few of the soft red ores. Admixtures of certain soft red 
hematites and limonites sometimes contain in excess 
of 20 per cent moisture. These points are well illustrated 
by Table 6 — ^V, the examples of which have been 
selected because they show about the same iron content 
when dry. 

The marketing of the ores and all the metallurgical 
calculations involving them are based on the composi- 
Uon of samples dried at 100" -105" C (212"-221" F). It 
will be observed that drying at this temperature may 
not drive off water of crystallization and that in the case 
of the brown hematites a much higher temperature 
than the drying temperature is required to drive off 
all the combined water. 

Accessibility — It is evident tliat the economic im- 
portance of an ore deposit depends to a great extent 
upon its size and its location, both geologic and geo- 
graphic. Thus, an ore, that is very desirable from the 
standpoint of chemical composition and physical condi- 
tion, may be so located as to be practically inaccessible; 
or, granting it can be made accessible, the amount of 
ore in the deposit may not justify the expense of open- 
ing it up. On the other hand, a poor ore may be so con- 


Table 6-— V. Compositions of Ores, Illustrating Dry and Wet Basis 
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veniently located that it may be smelted in its natural 
condition or concentrated at a profit. A thorough dis- 
cussion of this topic cannot be undertaken in the brief 
space allotted to this chapter. Suffice it to say, that the 
working of any ore body under modern conditions 


presents difficult engineering problems, both in mining 
and in transportation, and to these may be added one 
or more beneficiation operations which include mixing, 
crushing, screening, concentrating, and agglomerating 
in various combinations. 


SECTION 3 

IRON ORE DEPOSITS OF THE UNITED STATES 


The Main Producing Districts — Just as a wide diver- 
sity is found in geographical and geological distribution 
of the iron ores from a world viewpoint, so are like 
conditions found in the United States, for ores of all 
types and geological associations are encountered here. 
In two of the main producing districts the ores are 
found in sedimentary formations. Of these, the one is 
centered around Birmingham, Alabama, and the other 
is in the Lake Superior Region, including parts of 
Northern Minnesota, Wisconsin, and Michigan. The 
first district produced, in 1953, about 7 per cent of the 
iron ore of the United States, while the second, the 
largest iron ore region in the world, produced about 81 
per cent (see Table 6 — ^VI). A more detailed descrip- 
tion of these areas is given below. 

Besides the Alabama and Lake Superior deposits, 
several other regions contribute their share of the total 
tonnage. Among these are the magnetite ores of 
Pennsylvania which occur in Paleozoic limestones cut 
by diabase dikes of Triassic Age. They contain also a 
small percentage of copper in the form of chalcopyrite. 
Another interesting area is the Adirondack Region of 
New York which also produces a magnetite ore. The 
latter occurs as irregular masses and lenticular shoots 
in granites, syenites, and gneisses of Pre-Cambrian 
Age. Titaniferous magnetite ores of similar association 
and occurrence also are found here, but they are 
worked at only one place and there principally for re- 
covery of titanium with iron as a by-product. The 
magnetite ores of Northern New Jersey and South- 
eastern New York are also similar to those of the 
Adirondack Region and occur in granitic, syenitic, and 
dioritic gneisses in the form of podlike shoots which 


are more or less parallel to and interfoliated with the 
banding of the gneisses, and pitch in the same direc- 
tion as the minerals of the gneisses themselves. The 
western occurrences of iron ore are principally mag- 
netite, though those of Sunrise, Wyoming, are hema- 
tite. The western magnetites come principally from 
Iron County, Utah, their occurrences being more or 
less similar in that they are found in Jurassic lime- 
stone at or near the contact of the latter with mon- 
zonitic intrusives. Table 6 — VI lists the iron ores 
produced in the United States during 1953, together 
with the percentage of the total each district produced; 


Tabic 6— VI. Iron Ore Mined 
in the United States During 1953 
(Gross Tons of 2240 Lbs.) 


District 

Type of Ore 

Tonnage 

Produced 

Per Cent 
of Total 

Lake Superior 

Hematite 

95,655,105 

81.1 

Southeastern U.S.A. 

Hematite 

7,691,745 

6.5 

Northeastern U.S.A. 

Magnetite 

5,161,813 

4.4 

Western U.S.A. 

(Magnetite) 

(Hematite) 

8,868,658 

7.5 

Undistributed 
(by-product ore) 

Pyrites 
Sinter, etc. 

617,448 

0.5 

Total 


117,994,769 

100.0 


SECTION 4 

THE BIRMINGHAM DISTRICT 


LOCATION, GEOLOGY AND GENERAL 
DESCRIPTION 

Hematite — The most important iron-ore deposit of 
the Birmingham District is the red hematite ore of the 
“Big Seam,” which occurs in the Clinton formation of 
Silurian Age. The Clinton formation is approximately 
200 feet thick and, in addition to the Big Seam, consists 
of shales, ferruginous sandstones and some ferruginous 
limestone. The Big Scam outcrops near the crest of 
Red Mountain and is of workable thickness (8 to 16 
feet) and grade for a distance of about fifteen miles, 
or from Birmingham to about two miles southwest of 
Bessemer (Figures 6 — 1 and 6 — 2). Near the surface, 
the ore dips about 22 ® to the southeast, but, at present 
mining depths, levels off to about 10®. The leached, or 
oxidized, ore near the surface has been exhausted, and 
current mining operations are in the dense, hard ore, 
under from 1000 to 2000 feet of cover. The ore continues 
for an undetermined distance under the Cahaba Coal 
Field. 


The ore is an original sedimentary deposit of both 
fossiliferous and oolitic hematite. The iron content of 
run-of-mine ore varies from approximately 34 per cent 
in the southwest end to about 40 per cent. The alumina 
(3.0 to 3.5 per cent), magnesia (0.40 to 0.80 per cent), 
phosphorus (0,25 to 0.35 per cent) and manganese 
(0.14 to 0.16 per cent) do not vary appreciably, but the 
silica and lime change progressively from about 10 
per cent SiOs and 18 per cent CaO in the southwest to 
21 per cent SiOa and 11 per cent CaO in the northeast. 
Thus, some of the ore is more than self-fluxing but most 
of it requires additional flux. The relatively low ifon 
content of the ore is partially offset by the presence 
of the lime, and smelting is economically feasible be- 
cause of the proximity of suitable coking coals and 
fluxes. The phosphorus is not high enough for pro- 
ducing iron to use in basic Bessemer converters, but 
much steel is produced by an acid-Bessemer — ^basic- 
open-hearth duplex process in which a high- 
phosphorus slag is formed that is prepared for use as 
an excellent soil conditioner as discussed in CIxapter 7. 
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jTic. 6 — 1. Geological map of the Birmingham, Alabama, mineral area. (See Figure 6—2 for Section AB.) 


This ore is mined underground by mechanized room- 
and-pillar methods generally, and in some operations 
by stoping methods. 

In the mechanized room-and-pillar operations, panel 
sections approximately 450 feet in width and in varying 
lengths up to 2000 feet or more are mined. Triple paral- 
lel entries are turned off main haulageways at intervals 
of 450 feet between each set of entries. Haulage track 
is laid in the middle entry for the operation of mine 
cars. Rooms are driven from the upper entry into the 
ore bed at varying angles to afford favorable grades 
for the mining equipment. Drilling is done at the work- 
ing faces with air-operated long-feed drills mounted 
on rubber-tired drill carriages equipped with movable 
arms to which the drills are attached. Positioning and 
moving of the arms is by hydraulic control. The broken 
ore from blasting is loaded with mobile loaders 
equipped with caterpillar treads. The gathering arms 
of the loading machine sweep the broken ore to a flight 
conveyor back of the arms from which it is discharged 
into rubber-tired shuttle cars maneuvering at the rear 
of the loader. The shuttle cars transport the ore over 
varying distances up to 500 feet to discharge points at 
the panel entry track where mine cars are filled. 

In the stoping operations, the method used at mines 
where the ore bed is too steeply pitching for mechanized 
room-and-pillar methods, working levels or headings 
are driven at approximately 230-foot intervals, then 
“slopes,” or rooms, are driven between the levels to 
recover the ore. Sufficient ore is left in place to form 
pillars for roof support. After the ore is shot down in 
the stope, cable-drawn scrapers drag it down the 
slope, over a steel ramp, and into mine cars. Electric 
locomotives haul the cars to collecting pockets above 
the main slope, whence it is drawn into 16-ton skips 
and pulled to the surface by steam- or electric-driven 
hoists. 

Due to the low iron content of the local ores, pro- 


visions have been made for the receipt and storage of 
foreign ores having high metallic values, for mixing 
with the local ores to provide richer metallic feed to the 
blast furnaces, thereby increasing iron production. The 
characteristics of these ores vary a great deal, but 
generally the iron conient ranges from 61 to 64 per 
cent, phosphorus from 0.04 to 0.09 per cent, silica from 
0.8 to 7.0 per cent, alumina from 1.3 to 1.6 per cent and 
manganese is fairly constant at 0.04 per cent. The 
moisture content varies from less than 1.0 to 12.0 per 
cent and the fines ( — V 4 inch) from 30 to 70 per cent. 
Foreign ores are received by vessel at the Port of 
Mobile and transferred by rail or river transport to 
the Birmingham district. These ores are processed di- 
rectly through the ore-conditioning plant in the same 
manner as the local ores, or sometimes stored for later 
use. The storage area is provided with a railroad-car 
shake-out, disposal conveyor and transfer tower, from 
which 23-ton diesel haulage trucks can carry the ore 
to assigned stockpile areas, or the ore can be diverted 
to a surge pile adjacent to the recovery hopper. Re- 
covery of ore from “live” storage is by bulldozer, push- 
ing into the recovery hopper, feeding an inclined con- 
veyor which enters the main plant at a point where 
secondary crushing is performed. Recovery from 
“dead” or remote storage is by dragline or shovel load- 
ing into the large trucks which dump into or near the 
recovery hopper. 

Limonite — The limonites, or brown ores, of the dis- 
trict are of Cretaceous Age and lie unconformably in 
scattered deposits on top of Cambrian and Mississippian 
limestones. The most important of the deposits are 
those southwest of Birmingham near the Jefferson- 
Tuscaloosa County line, and northwest of Birmingham 
at Russellville. The deposits are near the surface and 
are worked by stripping and open-pit operations. The 
ore as mined is mixed with about three times its 
volume of sand, clay and rock and is separated from 
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this ^‘rnuck” by log washers. These ores contain no 
lime. The iron content varies from 40 to 55 per cent, 
while the phosphorus or the manganese may be from 
0.10 to over 1.00 per cent. The brown ores are not suf- 
ficient to support the district, but they do make an 
important contribution to the iron-ore tonnage. 
Furtliermore, with proper selection, they are useful, 
within certain limits, in controlling phosphorus and 
manganese contents in pig iron. 

Bencficiation of Red Ore (Hematite) — The Tennessee 
Coal and Iron Division of United States Steel Corpora- 
tion operates from five to seven ^nines in the Red 
Mountain Formation, the product from each mine be- 
ing of different chemical composition, as indicated 
above. This presents a problem in burdening blast 
furnaces. Furthermore, definite economies in operation 
of the furnaces by the use of uniformly crushed and 
sized ore have been established in the district. Ac- 
cordingly, a Central Ore Conditioning and Sintering 
Plant, located near No. 7 Wenonah mine, about midway 
of the mining operations, was put in operation in 1940 
(Figure 6—3). 

Hie run-of-mine ore (in large lumps) from the 
various mines is brought in 70- ton cars to this plant 
and dumped, two cars at a time, by a revolving car 
dumper. The ore passes through one of two 42-inch 
gyratory crushers set at 5 inches, and then through one 
of four 7-foot Symons cone crushers set at approxi- 
mately 1 inch on the close side. All the ore from these 
secondary crushers, 70 per cent of which is now minus 
one inch, is taken by one belt over a conveyor scale, 
then discharged into a receiving bin in the screening 
building. This bin contains dividing plates and “hog- 
backs,” which, together with vibrating feeders, portion 
the ore out to six 6-foot by 14-foot double-deck vibrat- 
ing screens, where it is screened to three sizes: coarse 
(-f% in.), medium (— % in., -fV 4 in.), and fines (— >4 
in.) . This screening is possible because the ore is dense 
and usually contains only about IV^ per cent moisture. 
The product is about 55 per cent Coarse, 20 per cent 
Medium and 25 per cent Fines. 

Each size is sampled by an automatic sampler, the 
sample being about 0.5 per cent of the total ore. Each 
sample is prepared for the laboratory in this same 
building by a series of crushers and cutters, and the 
three samples from each mine are analyzed promptly 
so that the results may be used in properly blending 
the ore. 

The coarse and medium ores are weighed on con- 
veyor scales and taken by belt conveyor to the silo 
storage bins, of which there are forty-eight of 800 tons 
capacity each, twenty-four being for coarse and twenty- 
four for medium. The ore from each mine run is kept 
separate in the silos, and after the results of analyses 
are received, it is blended with ore from the other 
mines. This is done by proportional feeders, which al- 
ways carry a uniform load in terms of pounds per foot 
of belt, but which can be run at various speeds, so that 
ore from several silos may be rim onto the same belt to 
produce one blend of uniform excess acidity (excess 
acidity equals silica plus alumina minus lime). The 
coarse and medium ores are discharged to separate 
belt conveyors, which transport them to railroad cars 
for shipment to the furnaces, the outgoing ore being 
automatically sampled in the same manner as the in- 
coming ore to furnish a sample for check analysis. 
Shipment of ore is made on a regular schedule to con- 
form to blast-furnace consumption, the ore being 
hauled by the company’s own railroad over the “High 
Line,” which traverses the valley at a fairly uniform 
slope from Wenonah to Fairfield and Ensley. 



Fig. 6—2. Cross-section of Birmingham Valley iron ore fields (Section AB of Fig. 6—1). 
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Fig. 6. — 3. Central ore- 
conditioning and sinter- 
ing plant, Tennessee 
Coal and Iron Division 
of United States Steel 
Corporation. 


Sinter Plant — The fine ore from the screening plant is 
taken by belt conveyor over scales to the storage bins at 
the sinter plant. There are 33 of these bins, each of 350 
tons ore capacity, sixteen bins being used for the ore 
from the screening plant, ten for flue dust (150 tons per 
bin), coke breeze (80 tons per bin), or other materials 
received from outside the plant, and seven which will 
receive either outside or intra-plant materials. 

The fine ore and flue dust are fed from these bins 
by proportioning feeders to conveyor belts for trans- 
porting the proper mix to the sinter plant. Arrange- 
ment is also made so that the fine ores alone may be 
blended and loaded out for stocking purposes without 
interfering with the sinter-plant operation. 

The flue dust in this district contains roughly 30 per 
cent iron and 15 per cent carbon, which is the chief 
source of fuel in the sintering operation, although coke 
breeze and quenching-pit cleanings are also used. The 
feed must be proportioned to contain the proper amount 
of carbon, and this varies with different ores, type of 
sinter desired, etc. At this plant the carbon in the mix 
is usually about 4,5 per cent. 

The conveyor carrying the feed to the sinter plant 
first passes the discharge end of the sintering machines, 
where hot undersize sinter, that has been screened out 
of the sinter discharge chute by a H4-inch grizzly, is 
charged on top of the feed. These return fines amount 
to about 25 per cent of the feed to the machines and are 
necessary in the operation to help maintain the porosity 
of the sintering bed. The proper amount of this circu- 
lating load is determined by experiment and may some- 
times be as high as 40 per cent. 

The sinter feed and the superimposed return under- 
sized sinter are delivered to a paddle-type double-shaft 
pug mill wherein the revolving blades pre-mix the feed 
materials and then pass them on by conveyor to the 
distributor. 

The sinter plant proper consists of three Dwight- 
Lloyd type continuous-grate machines, so that it is 
necessary to split the feed three ways. This is done by 
a revolving distributor which gives a full flow of the 
belt momentarily to each machine. This avoids the 
segregation that would occur if it were allowed to 
split itself naturally in three directions. A small receiv- 
ing hopper and vibrating feeder eliminate the surges 
that would otherwise occur. 

From the distributor, the feed goes to a revolving 
drum-type pug mill (one for each machine) which 
thoroughly mixes and aerates it. Water is also added at 


this point, if necessary. A certain amount of water must 
be in the mix in order to maintain the bed porosity, 
and the proper amount is determined by experiment. 
About 6 to 8 per cent total moisture is required here, 
but in plants using ores with higher natural moisture, 
the figure would, of course, be considerably higher. 

The mix feeds out of the pug mills continuously over 
24-inch belts to swinging spouts over the machines. The 
mix strikes a wear plate first, slides off to a feeder 
plate and then falls to the advancing hearth of the 
sinter machine evenly, being distributed over the width 
of the hearth by the swinging motion of the spout. 

The sinter machines aie 72 inches wide. The one first 
installed is 89 feet, 3 inches long, with a rated capacity 
of 50 tons per hour, and the other two machines are 
each 102 feet long and rated at 60 tons per hour. The 
machine consists of a series of “pallets” or metal frames, 
72 inches by 24 inches mounted on four wheels. Grate 
bars cover the bottom, and sides of steel plate 12 inches 
to 14 inches high are provided on the short side, but 
the other two sides are open so as to form a continuous 
hearth as the successive pallets push each other along 
the guide rails. The pallets are picked up from the 
bottom, or return side, by a large sprocket which then 
forces them to pass the length of the machine. As they 
pass under the swinging spout, the feed mix is dis- 
tributed over the hearth, the larger pieces of feed roll- 
ing to the grate bars to protect them. The feed is levelled 
off by a plate to the desired depth, usually 12 to 14 
inches. The pallets then pass under the ignition furnace, 
which consists of a burner extending the width of the 
machine. Wing plates of fire brick also serve to reflect 
the heat down to the bed. Natural gas with forced air 
is used here for ignition, but other fuels such as blast- 
furnace gas, coke-oven gas or fuel oil are also satis- 
factory. 

The pallets then travel over the wind boxes, which 
make up most of the length of the machine, the ignition 
furnace being over the first wind box. Air is sucked 
through the bed and the wind boxes by a centrifugal 
fan of 144.000 c.f.m. capacity at 24-inch static water 
pressure. The fans, one for each machine, are driven by 
1000-h.p. synchronous motors. 

Ignition of the sintering bed occurs only at the sur- 
face, and as the pallets progress over the wind boxes, 
this burning, or sintering, zone moves downward 
through the bed until it reaches the grate bars. The 
speed of the machine is so regulated that, when the bed 
is sintered through, the pallet is at the discharge end 
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of the machine, where it goes over a circular guide, 
(ii opping the sinter onto the discharge chute, which 
contains the grizzly for removing the necessary return 
lines. The sinter going over the grizzly is discharged 
(hrcclly into railroad cars and is taken to the furnaces 
as scheduled along with the coarse and medium ore. 

The actual sintering process lasts for a few moments 
only and can occur at the temperature of incipient 
iusion, which causes the fine particles to agglomerate. 
Higher temperatures cause a slagging action or positive 
fusion and result in “hard burned” sinter. During the 


process, the carbon is burned off, the CO 2 associated 
with the lime is driven off, and some of the Fe 20 » is 
reduced to FcaOj. This results in an increase in iron 
content from 36.25 per cent in the fine ore alone to about 
41 per cent in the sinter, with a yield of about 80 per 
cent. The action of the combustion air and gases causes 
a porous structure in the sinter. The relative merit of 
sinter and natural ore as a blast furnace charge ma- 
terial has been the subject of much discussion, but 
there is no doubt that sinter is superior to the fine ore 
from which it is made. 


SECTION 5 

WESTERN IRON ORES 


Iron ore deposits in the western United States exist 
in Utah, Colorado, Nevada, Wyoming, New Mexico and 
California. Deposits of commercial significance, with 
respect to the manufacture of pig iron, are at present 
known to exist in Wyoming, Nevada, Utah, California, 
and New Mexico. Western iron-ore mining by United 
States Steel has been confined to deposits in Utah and 
only these Utah deposits are discussed herein. 

Presently known Utah ore deposits of substantial 
size are located in the southwestern section of Utah 
some fifteen to forty miles west of Cedar City and 
some two hundred miles south of the Geneva and 
Ironton plants. The most extensive commercial de- 
posits are in the Iron Springs Mining District (now con- 
sidered as the Pinto-Iron Springs District.) There arc 


also extensive showings in the Bull Valley District. 
The general locations of southern Utah ore deposits are 
indicated in Figure 6 — 4, on which the Pinto District 
is identified as “Iron Mountain Deposits” and the Iron 
Springs District as “Granite Mountain and Three Peaks 
Deposits.” 

To date, most of the exploratory work on Utah de- 
posits and practically all of the development work has 
been confined to the Pinto-Iron Springs District. 

Origin of Ihc Utah Ores — In the Iron Springs District, 
neither the ores nor the country rock show the features 
characteristic of contact metamorphic deposits. One 
explanation of the origin of the deposits is that during 
the intrusion of monzonite porphyry stocks, the hoods 
and overlying rock were fractured, causing a sudden 
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release of pressure and liberating FeCU and HsO gas 
from the stocks which were still at a high temperature. 
These gases found ready egress to the surface along 
tension fissures without appreciably heating the 
country rock. They deposited magnetite and hematite 
in the fissures and replaced the contiguous fractured 
limestone. The period of gas emanation was brief and 
the hydrothermal stage probably evolved during the 
later magmatic history never reached this area. The 
diposits were formed under a cover of less than 5000 
foot. 

(General Geology of the Utah Mining Districts— In the 
Pinto-Iron Springs District sediments of Jurassic, 
Cretaceous, and Tertiary ages have been intruded (in 
early Miocene) by large masses of monzonite taken to 
be laccoliths. Erosion following the intrusion developed 
mountains out of the laccoliths, with surrounding rings 
of outward dipping sediments on the lower slopes. Later 
extrusion of lavas locally covered the eroded laccoliths 
and sediments. The lower slopes and flats adjacent to 
the laccoliths are covered by the usual unconsolidated 
deposits of the Great Basin country. Faulting, prin- 
cipally of the tension type, is prevalent. The sedimentary 
sequence in the area includes, from the base upward, 
the Homestake limestone, Entrada sandstone shale, 
Iron Springs sandstone, and the Claron sandstone, lime- 
stone and conglomerate. 

The Homestake limestone is a dark, bluish-gray lime- 
stone of a dense texture with relatively uniform charac- 
teristics throughout its entire extent, except near the 
laccolithic contact. The bedding of the Homestake lime- 
stone is very indefinite and is easily confused with 
secondary fracturing; where it is well defined, the 
limestone is generally thin-bedded. 

The Entrada formation is about 250 feet thick and is 
composed of interbedded shales, sandstones and arkosic 
sandstones. 

The Iron Springs formation is a sandstone probably 
more than 3000 feet thick which is composed of sand- 
stone, shales and some limestones. 


The Claron formation is a pinkish limestone over- 
lain by pink to red shales and conglomerates. 

The essential geological features of the Bull Valley 
District are believed to be the same as those in the Iron 
Springs District— a series of laccoliths with sediments 
dipping in every direction away from them, in the 
manner of a dome surrounded and overlain by flat- 
lying lavas, the whole being bounded on north and 
west by later flows of basalt. The contour of the district 
is rougher than that of the Iron Springs District and 
the evidences of volcanism are more conspicuous on 
account of the presence of basalt flows and cinder cones. 
The mineralized zones are less regular than in the 
Pinto-Iron Springs District and consist of fissure fillings 
and irregular replacements. 

Occurrence of the Ores “In Situ”— In the Pinto-Iron 
Springs District, the iron ores occur in disconnected 
masses within a general area about three miles wide by 
twenty-three miles long, running northeast and south- 
we.st through the district. Figure 6—4 shows the out- 
croppings of ore (as dark irregular spots) on Iron 
Mountain, Granite Mountain, and Three Peaks. 

The ore deposits for the most part lie at or near the 
contact of the monzonite laccoliths and the Homestake 
limestone, which occurs primarily on the eastern, 
western and southern slopes of foothills of the Three 
Peaks, Granite Mountain and Iron Mountain, but .some 
of them, as on Iron Mountain, appear at or near the 
tops of the mountains. Some of the ore does not appear 
at the surface at all, being covered by sediments and/or 
monzonite detritus washed from the upper slopes. 

In rare instance.s, replacement is noted in the shales 
and sandstones of the Entrada and Iron Springs forma- 
tions which overlie the Homestake limestone. 

Ore bodies in the district range in size from small 
pods of little consequence to bodies containing many 
millions of tons. The greater part of the ore of the dis- 
trict occurs as limestone replacement deposits on the 
contact of the monzonite. Vein-type deposits are smaD. 
The vertical range of known ore bodies is from surface 
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Fig. 6—5. North-south section through an open pit, Pinto-Iron Springs District Figures show composition of samples 
taken at 25-foot vertical intervals. 
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exposures to bodies overlain by over 1300 feet of over- 
burden. Figure 6 — 5 shows a north-south section 
tlirough one of the pits in the Granite Mountain area. 

In the Bull Valley District, the ore outcroppings are 
found in an elongated tract about three miles long and 
a mile and one-half wide. The ore deposits are discon- 
tinuous and are similar in some features to those of the 
Iron Springs District. The principal deposits lie within 
the monzonite associated with limestone fault blocks, 
and subordinate ones follow the main contact of the 
monzonite. 

Ore Types — ^Two distinct types of ore occur in the 
Pinto-Iron Springs District, namely, the replacement 
type and the vein type. 

The replacement type, which includes almost all of 
the large ore bodies, consists of hematite associated 
with magnetite and minor amounts of unreplaced lime- 
stone, quartz, chalcedony, calcite, barite, apatite, and 
pyrite. In texture, it is a fairly soft, black, fine granular 
mixture with occasional ribs of hard, dense material. 
It is usually magnetic in varying degrees. Ore bodies, 
where tested, contain 10 to 50 per cent magnetite. Wide 
variation in magnetite content witliin the ore body is 
common. The silica content of replacement ores is 
relatively low. Local variation of silica within the ore 
body is more pronounced than the variation in average 
contents of diflerent ore bodies. Alumina, magnesia, and 
June are fairly evenly distributed and of a grade to be 
ideally suited for fluxing. Sulphur is erratically dis- 
li ibuted. It is concentrated locally in the form of pyrite 
and barite. However, almost all ore bodies in the district 
are very low in average sulphur content. Phosphorus is 
found in varying amounts in all ore bodies of the dis- 
trict. Future grading of these ores is likely to be based 
upon iron and pho.sphorus contents. The phosphorus, 
like the sulphur, is also distributed erratically through- 
out the ore body, seemingly concentrated near faults 
or fissures. A marked increase in the phosphorus con- 
tent is noted as the northeast end of the district is 
approached. 

Ores mined in the Iron Springs District in the period 
1923 to 1953 averaged 53.99 per cent Fe (weighted 
average) on a natural weight basis. 

Manganese, arsenic, titanium, and zinc are present 
only in very minute amounts. One ore body in the 
district, where sampled, contains about 1 per cent 
copper (from chalcopyrite) . Other bodies show copper 
in very minute amounts. 

Ore bodies of the replacement type generally are 
homogeneous masses of a fairly even grade of iron. In 
some, the periphery is a zone of varying thickness of 
lower-grade iron, but in most cases the mineralized 
contact is sharp and distinct. Some areas exist wherein 
mineralization grades into the Entrada formation above 
and into the monzonite below. Inclusions of unreplaced 
limestone occur within some ore bodies, but these are 
not common. The ore is soft and can be easily crushed. 

Vein type ore can be considered as ore from true As- 
sure veins in the monzonite and as ore from contact 
veins between the monzonite and the sedimentary 
rocks. Contact veins are rare. They usually extend as 
replacement ore bodies into the limestone with charac- 
teristic changes in mineralization. Vein-type ore is pre- 
dominantly magnetite with some hematite, limonite, 
and minor amounts of quartz, apatite, and calcite. The 
ore is hard, dense, crystalline, massive, and highly 
magnetic. It is very high in grade and exceptionally low 
in impurities. It has been used very successfully as 
charge and feed ore in open-hearth steel manufacture. 

The ore in the Bull Vailey District is both magnetite 
aiid hematite, as in the Pinto-Iron Springs District, but 


the hematite on the lower slopes takes on a Ane granu- 
lar texture and a steel-blue color which is not seen in 
the Iron Springs District. 

Development and Mining Practice — The existence of 
extensive iron-ore deposits in southern Utah was dis- 
covered in 1849-1850 by an exploratory party of Mor- 
mon pioneers. Soon after discovery of the ores, 
construction was commenced on a stone blast furnace 
near Cedar City. This furnace produced small quanti- 
ties of iron in 1855; however, ilie fuel, transportation, 
and labor problems prevented continuation of the 
operation. A small furnace was erected in the Iron 
Springs area in 1874 and operated until 1876 on ore 
mined at Iron Mountain. This operation was economi- 
cally unsuccessful. Except for the mining and ship- 
ment of fluxing ore for non-ferrous metal smelters, no 
further development work was done until the 1920’s. 

Near the turn of the century a considerable amount 
of exploratory work was done on all Southern Utah ore 
bodies by various individuals and Arms, and in 1905 
an extensive survey of the Pinto-Iron Springs Area 
was made by the United States Geological Survey. 

Emphasis must be placed on the fact that essentially 
all development work on Utah ore bodies to date has 
been conAned to the Pinto-Iron Springs District. De- 
velopment of the Iron Springs District was begun in 
earnest in 1923 by the Columbia Steel Company (now 
Columbia -Geneva Steel Division of United States 
Steel Corporation) preparatory to operation of the Iron- 
ton blast furnace south of Provo, Utah (blown in 
May 1, 1924). A spur was built into the Iron Springs 


Table 6 — ^VIl. Iron Ore Produced in Iron County 
1923-1953 


Year 

Ore Mined 
(Gross Tons) 

Natural 
Iron Content 

(%) 

1923 

2,700 


1924 

148,278 

« « • » 

1925 

265,322 

53.00 

1926 

275,567 

55.00 

1927 

221,009 

53.00 

1928 

320,655 

• • • • 

1929 

320,960 

51.68 

1930 

277,774 

52.00 

1931 

183,668 

53.00 

1932 

136,874 

52.60 

1933 

95,129 

52.20 

1934 

161,009 

52.30 

1935 

161,010 

52.30 

1936 

153,923 

57.33 

1937 

190,908 

54.50 

1938 

167,933 

54.11 

1939 

262,087 

53.14 

1940 

326,500 

54.97 

1941 

355,006 

54.47 

1942 

321.034 

53.49 

1943 

922,959 

53.69 

1944 

1,542,284 

52.58 

1945 

1,931,749 

52.84 

1946 

1,317,176 

53.73 

1947 

2,823,853 

53.34 

1948 

3,233,413 

53.93 

1949 

2,712,390 

53.66 

1950 

3,139,926 

54.41 

1951 

4,726,159 

55.60 

1952 

4,060,003 

53.97 

1953 

4,838,983* 

54.15* 

Total 

35,596,241 


Weighted Average 


53.99 


* Preliminary data. 
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area from Lund, Utah, by the Los Angeles and Salt 
Lake Railroad (Union Pacific). Loading trestles and 
crushing equipment were installed by the Columbia 
Steel Company. Tunnels were driven into the Pioche 
and Vermilion claims on the northeast slopes of Granite 
Mountain and raises were run to the surface. The ore 
was then mined and passed through these raises in a 
modified glory-hole system. In 1925, a steam-shovel 
open -pit operation was commenced at Desert Mound 
on the west of Granite Mountain. In 1935-1936, open- 
pit operations were moved to Iron Mountain (Pinto 
Mining District) and in 1937 some vein mining was 
commenced on the south slopes of the Three Peaks 
(Iron Springs Mining District) for open-hearth ore. 
World War II, with its expansion of the western iron 
and steel industry of which the construction and opera- 
tion of the Geneva Plant was a part, saw a large in- 
crease in mining and development of the ore bodies, 
principally those on Iron Mountain. 

The growth of the district can readily be seen by a 
study of Table 6 — VII, which gives statistics of ton- 
nages of iron ore mined in Iron County from 1923 to 
1953. 

At present the major portion of the ore mined in 
Utah is mined by the open-pit method with electric 
shovels. Transportation is by truck from shovel to 
crusher, and by railroad from crusher to the consuming 
plants. 

Common practice is to crush ore to a top size within 


the range of 1 inch to IV 4 inches. The crushed ore at the 
Geneva plant is blended to uniform composition by 
bedding with the use of stackers. It is then reclaimed 
from the beds, screened into two sizes, a coarse product 
(plus V 4 -inch) and a fine product (minus Vi-inch). 
The fines are then sintered to form a coarser product 
(plus Vi -inch) which is proportioned with the original 
coarse fraction of the ore for use in the blast furnace. 

Ore Reserves of Utah— Bureau of Mines data as to 
reserves of iron ore in Utah are summarized in Table 
6 — VIII. Of the ore reserves presently known, it is felt 
unofficially by various observers that approximately 
200,000,000 long tons are so situated and of such compo- 
sition as to be commercially mineable. 

Table 6 — VIII. Estimated Iron-Ore Reserves of Utah • 

Deposits 

Pinto-Iron Bull 

Springs Valley 


Estimated Grade of Ore— % Fe 45—50 + 52 

Estimated Reserves— Long Tons: 

Measured and indicated 100,000,000 

Inferred 200,000,000 .... 

Unclassified 949,200 


Totals 300,000,000 949,200 


• Based r>n estimates by United States Bureau of Mines. 
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ring in the United States are six in number, including 
the Cuyuna, Mesabi, and Vermilion in Northern Min- 
nesota, the Penokee-Gogebic in Northern Wisconsin 
and western part of the Upper Peninsula of Michigan, 
and the Menominee and Marquette ranges of Northern 
Michigan, 

Importance — The Lake Superior District, the greatest 
iron -mining region in the world, started pgoduction of 
ore in the year 1854, the first shipments coming from 
the Marquette Range in that year. To 1954, the Lake 
Superior district had shipped a total of 2,931,690,134 
tons, the maximum during any one year being 99,033,748 
tons in 1953. 

General Geology — Geologically, this area is one of 
great complexity and is composed principally of rocks 
of Pre-Cambrian Age, numbered among which are 
some of the oldest known geological formations. The 
Lake Superior District lies within what is termed in 
geology a geosyncline, that is, a great basin-shaped 
depression or fold within which occur many minor 
folded areas or basins, the latter being the location of 
many of the iron ranges. 

The rock formations found in this district include 
all types — igneous, metamorphic, and sedimentary — 
but the iron-ore deposits are found chiefly in the sedi- 
mentary strata occurring in what are called “iron 
formations.’* The latter term includes rocks comprised 
of banded ferruginous cherts, jaspers, slates, gray- 
wackes, and conglomerates which are components of 
the Archean and Huronian series of this great Pre- 
Cambrian mass. Besides the Pre-Cambrian rocks, 
some isolated areas of Cambro-Ordovician limestones 
and sandstones occur within the district and on the 
Mesabi Range local patches of Cretaceous sediments 
are also found. The region has been heavily glaciated 
and a thick mantle of glacial detritus covers a consider- 
able portion of the area, making outcrops scarce, so that 
on many of the ranges the ore has been found only by 
dip-needle surveys and diamond drilling. A more de- 
tailed account of each of the ranges, together with 
some of the geological facts concerning the association, 
occurrence, and origin of the iron ores, follows. 

The Marquette Range — This range is located in the 
northern part of the Upper Peninsula of Michigan. It 
covers an area about 30 miles long and 6 miles wide 
striking in an almost cast-west direction, and includes 
from east to west the towns of Negaunee, Ishpeming, 
Palmer, Humboldt, Republic, and Michigamme. How- 
ever, the towns of Ishpeming and Negaunee are the 
cvmter of the main iron ore producing area. This range 
is the oldest of all the United States ranges in the Lake 
Superior District, the first ore being shipped in 1854, 
and it is still active. From its initial production to 
1954, it had yielded 273.365,217 tons, while its greatest 
annual output was 6,540,731 tons in the year 1942. The 
ore on this range is extracted principally by 
underground-mining methods, but, in the vicinity of 
Palmer, some mining by open-pit methods is employed. 

Hard and soft hematites comprise most of the ores 
mined on the Marquette Range, though some limonite 
and magnetic varieties are also found, splendid masses 
of needle limonite being common, especially in vugs in 
the soft hematite ores. The ores are of hard and soft 
varieties and are blue, red, brown, and yellow in 
color. The hard ores are blue, the other colors being 
common to the softer grades. The texture of the ores 
also varies, some being fine-grained or massive, some 
porous, some conglomeratic, and others micaceous m 
character. Both bessemer and non-bessemer tjrpes are 
mined, though high -silica ores are also produvfd, 
especially at Palmer and Michigamme. 


The deposits occur in what might be termed four 
horizons which are included in three geological forma- 
tions, all of which are Upper Huronian in age. These 
horizons, the geological formations in which they occur, 
and the ores derived from them are indicated in Table 
6— IX. 


Table 6 — IX. Geological and Mineralogical Features of 
the Marquette Range. 




Geological 


Ore Horizon 

Formation 

Derivative Ores 

Basal Portion. 

Michi- 

Soft red and 



gamme 

yellow hema- 



Slates 

tites and 
limonites. 

Top of 

Conglom- 

Goodrich 

Hard blue and 

Series 

erate at 

Quartzite 

red hematite 


base, ly- 


and martite 


ing at 

contact 

with 

Negaunee. 


ores. 


1. Top of 
forma- 
tion at or 
slightly 
below 


1. Hard, massive, 
and micace- 
ous, blue and 
red hematite 
at or near 

Bottom 
of Series 

: contact 

J with 

1 Goodrich 
Quart- 
zite. 

2. Bottom 
of 

forma- 

Negaunee 

Iron 

Forma- 

tion 

contact. Soft 
red and yel- 
low hematite 
and limonite 
lower. 

2. Soft red, 
brown, and 



yellow hema- 


tion. 


tites and 
limonites. 


The major part of the ore produced on the Marquette 
Range comes from the Negaunee Iron Formation. The 
conglomerate ores of the Goodrich quartzite consist of 
a rather thin fragmental layer, while the ores in the 
Michigamme slates are found in comparatively small 
lenses or belts of iron formation surrounded by slates. 

The Negaunee Iron Formation is now believed to be 
correlated with the Biwabik, Ironwood, Vulcan, and 
Deerwood scries of the other ranges here described as 
occurring in the Lake Superior District. It consists of 
banded ferruginous, carbonate, and siliceous cherts, 
and slates, together with quartz, actinolite, magnetite 
schists and massive and banded jaspers. The jasper 
phases are the most characteristic rocks associated 
with the hard ore. The jaspers are found in the top 
portion of the Negaunee, the cherts are in both top and 
bottom, while the slaty and schistose phases lie between. 
The whole formation has a thickness well over 1,000 
feet, possibly being 2,000 feet thick, though the latter 
figure may include beds which have been repeated by 
folding. 

Underlying the Negaunee is a series of gray and 
greenish-gray graywackes, and slates, known as the 
Siamo slates. Directly overlying the Negaunee, un- 
conformably, is a quartzite and arkose series called the 
Goodrich quartzite. At the base of this latter formation 
locally occurs a coarse conglomerate containing, among 
other materials, iron formation and ore fragments. This 
conglomerate is the horizon of the hard blue con- 
glomeratic ores. 
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Still higher in the geological scale and overlying the 
Goodrich is the Bijiki schist, a quartz-magnetite- 
grunerite (amphibole) schist, while overlying this for- 
mation is a thick slate series (the Michigamme) con- 
taining ferruginous, graphitic, and carbonate slates with 
local lenses and belts of banded chert. In these cherty 
portions the soft brown, yellow, and red hematite and 
limonite ores occur. 

Besides the sedimentary formations above enumer- 
ated, both acidic and basic intrusives are found on this 
range. These consist of dikes, sills, and stocks of diabase, 
diorite, and some quartz porphyry. 

Structurally, the Marquette Range is very compli- 
cated, due to excessive folding and the presence of 
numerous igneous intrusives. Faulting is also present 
locally. Taken as a whole, the range represents a gently 
westward pitching synclinorium, or trough, containing 
many minor folds within its limits, the latter of which 
have approximately the same pitch as the major syn- 
cline. Locally, as at Republic, where the strike and 
pitch are northward, these minor folds vary from the 
general structure of the range. Part of this folding is due 
to earth movements, while some is due to pressures 
caused by the igneous intrusives. The ore bodies occur 
as irregularly shaped shoots or lenses generally found 
in the following structural locations: 

1. Occupying synclinal folds in the Michigamme 
Slates or Negaunee Iron Formation. 

2. In the bottom of troughs formed by the intersection 
of the Negaunee and the diabase and diorite dikes 
and sills. 

3. Along the contact between the Negaunee Iron 
Formation and Goodrich Quartzite. 

4. Along the contact between the Negaimce Iron 
Formation and the Siamo Slates. 

5. Within the Negaunee Iron Formation itself. 

Where the concentration occurs in closely folded 
areas, the deposits are generally steeply dipping and 
pitching, whereas in the shallower folds and troughs, 
the dip and pitch is flatter; of these two types, the 
former is more commonly found. 

The ores of the Marquette Range were formed during 
at least two periods of concentration, the hard ores 
antedating the soft ores. Their origin has been described 
as due to downward percolating ground waters, but 
evidence is at hand which suggests that the hard ores 
at least may be connected with the presence of hot 
waters and gases accompanying some of the intrusives 
found in the district. 

The Menominee Range — This range, as a whole, in- 
cludes five mining districts located in Northern Wis- 
consin and the southeastern part of the Upper Peninsula 
of Michigan. These five districts are the Iron River, 
Crystal Falls, Felch Mountain, and Menominee in 
Michigan, and the Florence District in Wisconsin, the 
total area of all being 54 miles in length and 15 miles 
in width. The Menominee and Iron River-Crystal Falls 
areas are the only ones now operating, the first extend- 
ing from the town of Iron Mountain on the west to 
Waucedah on the east, while the other two are centered 
around the town of Iron River and Crystal Falls, re- 
spectively. The discovery of iron ore on the Menominee 
Range dates from 1873, but actual shipments began in 
1877 and have been continuous ever since. The total 
shipment up to 1954 had amounted to 244,059,350 tons 
and the largest shipment, that for the year 1916, was 
6,562,106 tons, 1926 being next with 5,946,377 tons. 

For convenience, it is best to consider the Menominee 
District separate from those of Iron River and Crystal 
Falls, since their ores are of different character and are 


found in two different geologic horizons. The Menom- 
inee District ores are generally blue and reddish-brown 
soft, porous and lumpy hematites, often high in lime 
and magnesia. The gangue minerals are quartz, calcite, 
dolomite, pyrite, and chlorite. Both bessemer and non- 
bessemer grades are obtained, as well as some ores of 
siliceous and manganiferous character. The ores of the 
Iron River-Crystal Falls vicinity contain hematite and 
the hydrated oxides of iron, such as limonite. They are 
blue, red, and brown in color and are also soft, porous, 
and lumpy. The gangue minerals here are much the 
same as in the Menominee District, except that gypsum 
is rather abundant locally. Manganiferous ores are also 
produced from some of the mines in this district. 

All the deposits on the Menominee Range occur in 
sedimentary formations of Upper Huronian Age, but 
in two different horizons. Those of the Menominee 
District are in what is known as the Vulcan Iron For- 
mation, while the ores of the Iron River-Crystal Falls, 
and Florence Districts are found in the basal portion 
of a thick slate series locally termed the Michigamme 
slates. The Vulcan Iron Formation is from 600 feet to 
800 feet thick and consists of banded ferruginous, car- 
bonate, and siliceous cherts and slates. It is divided into 
four members, which from top to bottom, are: 


Average 

Formation Thickness 


Curry Chert or Jasper 150 feet 

Brier Slates 300 feet 

Traders Chert or Jasper 125 feet 

Traders Talc Slate and Quartzite 75 feet 


The Vulcan series is underlain by quartzite about 
70 feet thick and a siliceous dolomite known as the 
Randville, the latter belonging to the Lower Huronian. 
It is overlain by the Michigamme, or Hanbury, slates, 
a ferruginous, siliceous and carbonaceous graywacke, 
slate and quartzite series which, in other parts of the 
range, also contain Vielts or lenses of banded cherts 
productive of iron ore. In the Menominee District the 
ores occur in the Traders jasper and Curry jasper mem- 
bers of the Vulcan Iron Formation, most of the pro- 
duction coming from the Traders. The footwall is 
generally the Talc slate where the ore is in the Traders 
with a hanging wall of Brier slate. Where the ore occurs 
in the Curry member, Brier slate may be the footwall 
and Hanbury slate the hanging wall. In some instances, 
the ore bodies lie entirely within the jasper. 

The deposits of the Iron River-Crystal Falls Region 
lie in the basal part (the lower 400-500 feet) of the 
Michigamme slates. They are found in banded, ferru- 
ginous and carbonate cherts occurring as lenses in the 
slates. Generally, either the foot or hanging wall is a 
black graphitic and pyritic slate, but siliceous slates, 
graywackes and even iron formation sometimes form 
the enclosing walls. In some instances greenstone 
volcanics (the Hemlock series) form the footwall. Basic 
intrusives also have been encountered locally. 

Structurally, both the Menominee and Iron River- 
Crystal Falls areas are complicated by drag folding 
and faulting, close folding being especially predomi- 
nant in Iron River and Crystal Falls, while faulting is 
more pronounced on the Menominee. As a result, most 
all of the ore bodies on this range are steeply dipping 
(from 45* to 90*) and have a definite pitch, especially 
where they occupy the troughs of pitching folds. 
Throughout the whole range the ore deposits are gen- 
erally found in irregularly shaped lenses or shoots, 
sometimes reaching 250 feet in width and as much as 
1600 feet in length. As a rule, they are found in one of 
five locations, namely: along a slate-jasper contact; 
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along a fault or at the junction of faults; in the bottom 
of V-shaped dragfolds; within the chert or jasper mem- 
ber itself; in locations containing a combination of 
these factors. 

The ores are supposed to have been concentrated by 
jjround waters circulating downward along the faults 
or bottom of folds, or along the slate-jasper contacts, 
leaching the silica from the cherts^ adding oxides of 
iron partially through oxidation and partially by re- 
placement, besides concentrating the hematite already 
present. 

The Gogebic Range — This range is situated in North- 
ern Wisconsin and the western end of the Upper Pen- 
insula of Michigan. In all, it is about 80 miles in length, 
strikes almost east and west, and includes the towns of 
Mellon and Hurley, Wisconsin, and Iron wood, Bessemer 
and Wakefield, Michigan. The district was first opened 
m 1884, and to 1954 had shipped 288,297,060 tons of ore, 
shipping in 1929, 7,624,085 tons. 

The ores arc, for the most part, soft, greasy, red 
hematite with minor amounts of limonite. There are 
also some hard blue ores as well as local areas high in 
manganese content. 

The iron formation, locally called the Ironwood series, 
is Upper Huronian in age and is equivalent to the 
Biwabik formation of the Mesabi Range. It consists of 
banded ferruginous and carbonate cherts and slates 
having a total thickness of 600 to 900 feet, and is 
divided into five members known from top to bottom as: 


Average 

Formation Thickness 

Anvil Cherts 130 feet 

Pence Slates 85 feet 

Norrie Cherts 125 feet 

Yale Slates 140 feet 

Plymouth Quartzite, Slate and Cherts. ... 150 feet 


All of these members yield ore in one place or another, 
but the cherty members are the most consistently pro- 
ducing ones. On the western end of the range, from just 
cast of the town of Upson westward, the character of 
the Ironwood formation changes and the cherts become 
recrystallized into finely-crystalline quartz, actinolite, 
magnetite rocks. This change in character of the iron 


formation may be due to the influence of igneous in- 
trusives nearby. 

Underlying the Ironwood series is what is known as 
the Palms quartzite and quartz slates, while overlying 
the iron formation is the Pabst fragmental (conglomer- 
ate) and Tyler slates of Upper Huronian Age, 

Over most of the range, the structure is simple, all 
of these sediments dipping to the north at from 60® to 
70® angles. Only at the eastern and western ends is any 
great complexity encountered, and this is mainly in 
the form of drag folding, although at the eastern end 
intrusives also are found. However, faulting is met in 
most of the mines, and this occurs both transverse to 
and along the strike of the formation, one major strike 
fault in the Yale slate horizon extending for many 
miles along the range. 

A further geologic feature of importance is the large 
number of basic dikes (diabase, basalt) which cut the 
iron formation in numerous places (Figure 6 -7). These 
dikes are of Keweenawan Age. They are found in var- 
ious thicknesses and generally have a south dip so that 
their intersection with the iron formation forms a 
V-shaped trough. These troughs are the location of 
most of the ore concentration, the pitch of the ore 
bodies being determined by the pitch of the dikes which, 
on the Gogebic, is generally eastward, though some 
westward pitching dikes also occur. 

The ore bodies occur as irregular or lenticular- 
shaped shoots which occupy the troughs of the dike-iron 
formation intersection, pitching in the direction of the 
pitch of the dike. In some instances, however, ore has 
been found at the Palms quartzite (footwall) and Pabst 
fragmental (hanging wall) contacts with the iron for- 
mation, irrespective of dike intrusives. 

The origin of these ores has been ascribed to 
downward -percolating ground waters causing the 
leaching of the silica and oxidation of the carbonates 
of the cherts and slates with the resultant concentration 
of iron oxides into ore as it is now found. These ground 
waters are assumed to have followed down from the 
surface along the V-shaped troughs on the impervious 
basement formed by the dikes penetrating the more or 
less porous cherts, leaching the silica and enriching 
the formations in iron oxide to form ore. 

The Vermilion Range — This Minnesota range lies 
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about 100 miles north of Duluth. It is about 30 miles in 
length, striking in a northeast-southwest direction, 
with the towns of Tower on its southwest and Ely on its 
northeast end. The district first started producing in 
1884 and contains the oldest mine in Minnesota, the 
Soudan, which began operations in that year. Up to 
1954, 89,530,403 tons of ore had been shipped, the largest 
shipment being 2,084,263 tons in 1902, while the ship- 
ment for 1953 was 1,613,155 tons. 

The ores consist of blue and red hematite, largely 
very hard and massive, but in the eastern end of the 
range at Ely a great part of the ore is soft and porous. 
The chief gangue minerals are quartz, chlorite, pyrite, 
calcite, aragonite, and siderite, the carbonates being 
rarer than the other minerals. Native copper and copper 
sulphides are also found in some of the area. 

The iron formation, known as the Soudan, is Archean 
in age. It consists of belts and disconnected lenses of 
massive and banded jasper, which occur in an earlier 
greenstone complex. Hie jasper is composed of re- 
crystallized chert (now quartz), interlaminated with 
iron oxides in the form of both hematite and magnetite, 
and at times also contains amphibolcs. Outcrops are 
scarce, since the region is more or less heavily covered 
with glacial detritus. The greenstone complex, known 
as the Ely greenstone, comprises chloritic and sericitic 
schists, the altered equivalents of former basic lava 
flows, tuffs and volcanics. Some black carbonaceous 
slates are also locally encountered in this formation. 
The Ely greenstone is also Archean in age. 

The whole district is one of groat geological com- 
plexity, for the two formations described above are in 
turn cut by numerous basic and acidic intrusives in the 
form of basalt, diabase and quartz porphyry dikes and 
sills, all of which are of Pre-Cambrian time. Besides 
the complications due to these igneous intrusives, the 
rocks are also intensely folded, often in three planes, so 
that the narrow belts of iron formation are now found 
in a steeply dipping position. Faulting is also present, 
being both postmineral and premineral in ago. 

The ores on this range lie entirely within the Soudan 
formation with enclosing walls of greenstone or sericite 
schist. It is readily seen that with the complex geology 
here present, the ore bodies would probably be of 
irregular shape, and such is the case. They occur as 
irregular and podlike shoots with a steep dip and pitch, 
sometimes occupying the trough of folds and are gen- 
erally less than 200 feet in width, though this width is 
exceeded where the iron formation has been repeated 
on itself by folding. 

In this district, the deposits have resulted through 
the leaching of the silica in the jasper, leaving the 
hematite in more concentrated form. They have been 
further enriched through the addition of hematite from 
outside sources. The factors, which have been instru- 
mental in bringing about this leaching and enrichment, 
have been ascribed by some to downward -circulating 
water following the contact between the jasper and the 
greenstone. However, from later studies made, there is 
also abundant evidence that hot ascending gases and 
waters, which accompanied or followed the intrusives 
so commonly found associated with the ores, may also 
have been instrumental in their concentration. 

The Mesabi Range — The Mesabi Range (formerly 
spelled Missabe) of Minnesota comprises a belt of iron 
formation 120 miles in length, with a strike of about 
N. 70“ E., and is located at distances varying from 60 
to 120 miles W., N.W.. and N. of the city of Duluth. It 
includes the towns of Grand Rapids, Coleraine, Hibbing, 
Chisholm, Buhl, Virginia, Eveleth, Biwabik, and Au- 
rora, and contains ^e greatest open-pit mining op- 


erations in the world. This range was first opened in 
1892. Up to 1955, it had shipped 1,973,000,000 tons of ore, 
and in 1953, the year of its greatest production, over 
75,000,000 tons were shipped. Several mines or open 
pits in this region have yielded over 1,000,000 tons 
annually, and one, the Hull-Rust Group, in 1942, 
shipped an unsurpassed total of 21,401,123 tons. During 
the war years, 1941-1944, inclusive, 76,267,731 tons were 
shipped from this one mine. 

The ores mined on the Mesabi Range are mainly soft, 
porous blue, red, yellow and brown hematites, with 
minor amounts of magnetite, and some of the hydrated 
oxides of iron. They are of both Bessemer and non- 
Bessemer grades. Some siliceous ores are also produced, 
and others are concentrated before shipping by screen- 
ing, crushing and washing. The Mesabi ores are mined 
principally by open-pit or quarrying methods, but in 
some localities where the ore is overlain by great thick- 
nesses of glacial overburden and rock, underground- 
mining methods, such as top-slicing and caving systems, 
are employed. 

The Mesabi deposits occur in what is known as the 
Biwabik Iron Formation, which is Upper Huronian in 
age. This formation consists of a scries of banded ferru- 
ginous cherts, slates, graywackes, and conglomerates. 
The total thickness of this formation, to which has been 
applied the generic term “taconite,** ranges from 400- 
750 feet. Besides the oxides of iron, the chert contains 
carbonates and several iron silicates. It is characterized 
by many different phases, some being sugary, some 
granular, while other types show oolitic and algal 
structures. The Biwabik scries has been divided into 
four members, each of which is recognizable in the field 
and characterized by the ores which it produces. These 
divisions, from top to bottom, as well as the ores derived 
from them, are listed as follows: 

Thickness 


Formation (Feet) Derivative Orc^s 

Upper Slaty 0-100 “Paint Rock” Ores 

Upper Cherty 175-200 Blue and Brown Ores 

r Fine Blue and Yellow 

Lower Slaty 60-220 < Ores, Paint Rock at 

[base 

r Yellow Ores — Top 

Lower Cherty 60-250 < Blue Ores — ^Middle 

I Brown Ores — Base 


Overlying the iron formation conformably is a thick 
slate series, the Virginia slates, also of Upper Huronian 
Age, while underlying is a vitreous quartzite known as 
the Pokegama. 

While the character of the iron formation is fairly 
uniform over most of the range, it shows a distinct 
change at its eastern end, where it has been altered by 
a great gabbro intrusive (the Duluth laccolith) into a 
series of quartz, amphibole magnetite schists and slates. 

The geologic structure of the formations of the Mesabi 
Range is fairly simple. They are practically flat-lying, 
having only a shallow 10“ dip to the south. As the ore 
has been formed chiefly through the leaching of the 
silica content of the cherts, and some oxidation of the 
carbonates and silicates of iron, the formations in 
the ore areas are more or less porous. In this case, the 
weight of the overlying rocks causes slumping in the 
ore areas with a down-dropping of the layers in which 
concentration has taken place (Figure 6 — 8). Local 
folding and faulting is encountered in some of the mines, 
but for the most part, the folding is shallow and gentle 
and not in any way as intense as on the other ranges of 
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Fig. 6—8. Typical cross-section of Mesabi Range ore body. 


the Lake Superior District. One large drag fold of great 
magnitude occurs in the vicinity of Evelelh and Vir- 
ginia, causing the eastern extension of the range to be 
thrown to the south. This is termed “the horn,” the 
mines of Virginia lying in its synclinal portion, while 
those of Eveleth are on the anticline. 

The shapes of the ore bodies are of three types; 
namely, (1) Those occurring in shallow folds or 
troughs; (2) The fissure type; (3) The flat-lying or 
bedded ore body. The trough ore body generally owes 
its location to a broad shallow fold. The fissure type is 
smaller than the trough ore bodies and has resulted 
from the leaching of the iron formation and concen- 
tration of the hematite along sets of joints or fracture 
planes. The flat-lying ore bodies are wide and gen- 
erally shallow, concentration being extensive and fairly 
uniform through the deposit. These three types of ore 
bodies often grade into one another and one may con- 
tain representatives of the other two. The concentration 
here, as on most of the other ranges, has probably been 
caused by downward -circulating ground waters. 

Shipments of the depleting natural ores of the Mesabi 
Range will gradually be replaced by rich iron-bearing 
materials resulting from the beneficiation of taconite. 
Processes for beneficiating taconite are passing from 
the experimental stage into large-scale commercial 
operation. The term “taconite” embraces a wide variety 
of iron-bearing rocks (containing an average of about 
30 per cent iron) found in the Lake Superior District. 
At the present time, commercial operations on the 
Mesabi Range have been restricted to the variety of 
taconite in which a major proportion of the iron is 
present as the mineral magnetite, which can be sepa- 
rated from the gangue by low -intensity magnetic sepa- 
ration. In the other types of taconite, most of the iron 
is present in such non-magnetic minerals as martite, 
hematite, iron silicates and iron carbonates. Of these 
types, those containing hematite and martite as the 
predominant iron minerals (when the minerals have a 
sufficiently coarse grain size) constitute a reserve of 
material amenable to concentration processes. The con- 
centration of the non-magnetic minerals requires proc- 
esses more complex than those required for magnetite. 
The taconites containing magnetite comprise the bulk 
of iron formation on the eastern portion of the Mesabi 
iron range, but very little of this kind is found in the 
western portion where hematite and martite are the 
principal iron minerals. Potential reserves of several 
billion tons of commercially-usable taconite are avail- 
able on the Mesabi Range. 


The Cuyuna Range — This is the most-recently opened 
of all the iron ranges in the United States portion of the 
Lake Superior District. It is located in Crow Wing 
County, Minnesota, the principal towns in the area 
being Deerwood, Crosby, and Brainerd. The strike of 
this range is in a northeast-southwest direction, more 
or less similar to that of the Mesabi, lying to the north- 
east of it. The late discovery of the deposits in this 
region is due, in a great degree, to the lack of outcrops, 
since the area is heavily covered with glacial drift. Most 
of the ore bodies have been disclosed by careful mag- 
netic (dip-needle) surveys and diamond drilling. The 
Cuyuna was first opened in the year 1911, and to 1954 
had shipped 80,264,536 tons of ore, the largest shipment 
being 3,714,684 tons in 1953. 

The ores here are red, yellow, and brown hematite 
and limonite, the blue varieties being less common. As 
a rule, they are soft, porous, and fine grained. Some 
are high in phosphorus, others siliceous. Manganese 
occurs rather abundantly on this range, being over 15 
per cent in some locations. 

The ore bodies are generally irregular and lenticular 
in shape with a rather steep dip and pitch, often having 
basic intrusive rocks as a foot wall. The deposits occur 
in two geological formations, both of which are of 
Upper Huronian Age. These are the Virginia Slate 
series and the Deerwood Iron Formation which under- 
lies them, the latter in turn resting upon a siliceous slate 
and quartzite formation known as the Pokegama. The 
Deerwood Iron Formation is from 1000-1200 feet in 
thickness, and consists of banded ferruginous and 
manganiferous cherts, slates, graywackes, and quart- 
zites, and can be divided into four horizons similar to 
those occurring in the Mesabi Range. Intrusive and ex- 
trusive rocks of both basic and acidic character are 
common in the region, while close folding and faulting 
also add to the complexity of the geological structure. 

The Virginia slates yield the brown ores of what is 
locally termed the South Range of the Cuyuna, these 
being narrower than those of the North Range, which 
are found in the Deerwood formation and, in places, 
attain a thickness of 500 feet, the ores being red, blu^, 
and brown hematite and manganiferous types. Little 
work has been done in the investigation of the origin 
of the Cuyuna ores, but from what has thus far been 
done, their occurrence and concentration are believed 
to be due to the same agencies which formed those of 
the Mesabi Range, viz., leaching of the silica and con- 
centration of iron and manganese by downward circu- 
lating surface waters. 
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SECTION 7 

MINING THE LAKE ORES 


Prospecting and Exploration — Since the Lake Supe- 
rior ores occur in pockets or distinct bodies and vary 
much as to character and location, the actual mining of 
the ores is preceded by much work of an exploratory 
character. This work includes prospecting and explora- 
tion- 

prospecting is the term generally appHed to the quest 
for surface indications of ore, or tlie conditions which 
would warrant the expectation of finding ore in the 
vicinity. It includes such quest operations as geological 
examination, dip-needle work, shallow test-pitting, and 
trenching. The ore bodies of the Mesabi Range arc 
slightly magnetic, and the Magnetometer or Hotchkiss 
super-dip needle sometimes are of use in outlining 
areas for drilling. On the Cuyuna Range, magnetic 
attraction, as evidenced by the dip needle, has been 
extensively employed as a guide to the location of ore 
deposits; in other localities also the dip needle has found 
limited application. 

Drill Exploration — After the presence of an ore de- 
posit is known or suspected, resort is generally had to 
exploration by means of diamond or churn drills. On 
the old ranges, geological conditions generally make 
this manner of ascertaining the exact limits of an ore 
deposit impracticable; so, if two or three adjacent drill 
holes develop considerable depths of ore, the sinking of 
a shaft for underground exploration, development and 
mining is generally considered warranted. On the 
Mesabi Range, however, the flat-lying and compara- 
tively shallow characteristics of the ore formation war- 
rant much more extensive drill explorations. On this 
range, then, an ore body is almost invariably followed 
out with the drills, and its limits are determined to the 
point where the complete plan of development can be 
worked out in advance of actual mining operations. 

Methods of Mining — Both open pit and undergroimd 
metliods of mining are employed in the mines of the 
Lake Superior District. On the old ranges, where the 
ore bodies often extend to great depths and usually lie 
at angles so steeply inclined to the horizontal that the 
surface expostures, or outcrops, are small, underground- 
mining methods are employed almost without exception. 
On the Mesabi Range, the ore bodies are, as a rule, flat- 
lying with relatively large areas of outcrop, and open- 
pit mining is, therefore, general. Of course, there are a 
few deposits on this range that, on account of limited 
operating area, excessive depth of overburden, or for 
other reasons, must be mined by undergroimd methods. 
But by far, the greater part of the tonnage produced 
from the Mesabi Range comes from open pits. 

The mining of taconite poses problems because of its 
extreme hardness, requiring considerable additional 
drilling and blasting, and, because of the adverse con- 
centration ratio, requires the handling of tremendous 
quantities of material. 

OPEN-PIT MINING 

Before deciding whether an ore body should be mined 
by underground methods or as an open pit, a detailed 
operating analysis is made of the property to determine 
by which method the ore can be mined most economi- 
cally. Estimates are made determining the yardage of 
overburden, or “stripping,” that must be removed to 
uncover the ore body, the tonnage of ore which can 
then be mined by power shovels and the additional 


tonnage which can be “scrammed” in the pit after the 
limits of shovel operation have been reached. Then the 
cost of the entire operation, including interest charges 
on the necessarily large investment in stripping re- 
moval, is calculated and reduced to a final cost per ton 
of ore recoverable. If this figure is less than the probable 
cost per ton of underground mining, and if the other 
operating conditions are satisfactory, open-pit operation 
is, of course, deemed advisable. If mining by open pit 
methods is indicated, a decision must be made as to 
whether rail, truck, or belt-conveyor haulage is to be 
used. The planning of an open -pit mine involves the 
following engineering problems; first, outlining the area 
of ore which it will pay to strip, i.e., considering the 
two factors of depth of ore and thickness of overburden; 
second, planning the disposal of stripping which it will 
be necessary to remove to uncover the ore body, for 
this material must often be hauled considerable dis- 
tances from the pits to dump grounds; third, locating 
the haulage systems outside the pit for the transporta- 
tion of waste material and ore; fourth, designing the 
system of railroad tracks or roadways within the pit 
that will make available the maximum quantity of ore 
accessible by power shovels, which designing generally 
involves a series of switchbacks on limiting operative 
grades and curvature; fifth, providing for draining of 
the pit; and sixth, planning in advance for the mining 
of the ore that cannot be mined by power shovels. 

Haulage Systems — Three haulage systems are utilized 
in open -pit mining on the Mesabi Range; i.e., railway, 
truck and belt conveyor. The haulage system employed 
is dependent upon the shape of the ore body, the 
quantities of stripping and ore to be moved, length of 
haul necessary to dispose of waste material and to de- 
liver the ore to the beneficiation plant, and the equip- 
ment available. A rail haulage system is generally 
restricted to track grades of 3 per cent or less and from 
12® to 16® curves, and its use is, therefore, generally 
limited to large, regularly shaped ore bodies. Truck 
haulage systems are more flexible than rail systems, 
and can be adapted to deep, irregularly shaped ore 
bodies. Road grades of 8 per cent are common in “truck 
pits” and steeper grades can be employed over short 
distances. 

Removal of dirt stripping and ore from open-pit 
mines by belt conveyors is often the most economical 
and convenient means of transportation. It is well 
adapted to comparatively small, deep ore bodies with 
a limited area for the operation of power shovels and 
to larger open pits where conditions are suitable. Belt- 
conveyor systems can be either underground or surface 
installations. In an underground installation, an in- 
clined belt-conveyor drift is driven from a location on 
the surface, where railroad facilities are available, to a 
carefully selected location as near as possible to the 
lowest elevation and center of the open-pit ore body. 
A shaft is driven from the top of the exposed ore in 
the pit to the lower end of the conveyor drift. Trucks 
are used for gathering the ore to a truck station or 
pocket at the collar of the shaft from where the ore is 
dumped through the shaft to the lower end of the con- 
veyor unit. As mining and consequent deepening of the 
pit progresses, the collar of the shaft and truck station 
are lowered. In a surface installation, ore haulage is 
accomplished in the same manner as an undergroimd 
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installation, but the belt conveyors and truck station 
arc installed on the surface of the pit profile and no 
shaft is necessary. As the ore is mined, the truck sta- 
tion is lowered and the belt conveyor is extended down 
to the new elevation of the pit bottom. A modification 
of that system is often used wherein the truck station 
is permanently installed at the bottom of the over- 
burden near the edge of the ore body, with the ore 
hauled by trucks up to the truck station and by belt 
conveyor from that point to the railroad facilities on the 
surface. 

Drilling and Blasting — ^The banks ahead of the power 
st.ovels, in preparation for loading, are shaken and 
loosened by blasting. To accomplish this, horizontal 
holes are sometimes drilled at the foot of the bank, but 
the common practice is to use vertical holes. These holes 
are drilled by mobile, self-contained units of the well- 
drilling type and are equipped with either electric, 
gasoline, or Diesel power. The holes are 6 to 9 inches in 
diameter and as deep as the height of bank desired. This 
type of drilling has the distinct advantage of column 
loading for blasting purposes, obviating the necessity 
of chambering the hole by springing prior to loading. 

Waste Dumps — Waste dumps are located on barren 
ground, often at some distance from the open pits. Sites 
are selected for their accessibility and for quantity of 
material to be stored with minimum grades to secure 
desired results. Should the surface be nearly level, 
dumps for rail haul are started by building a grade fill, 
often twenty to thirty feet high, using trucks and power 
shovels. Tracks are then laid on this grade fill and, after 
the dump is established in this manner, the tracks can 
be fanned out to the right and left. When a dump track 
is completely filled, a spreader plow is used to level the 
dirt, following which the track is moved over by a 
machine known as a track -shifter. With use of trucks, 
advantage of rise in elevation of ground is usually 
sought to start a dump. However, if necessary, the ap- 
proach to the dump can be built up by successive dump- 
ing on the roadway until the desired elevation is gained. 
Equipment such as described above makes it possible 
to dispose of vast quantities of waste material at low 
cost. 

Scramming— This is a term applied colloquially on 
the Mesabi Range to the operation of recovering shallow 
pockets and hummocks of ore left unmined in and 
around the open pits following the period of power 
shovel mining. It is a general term inclusive of hand 
work, scraper work, mining with dragline excavators, 
bull-dozers, etc., and is applicable generally to the 
operation of “cleaning up” a pit after its period of real 
production has passed. 

Drainage — Whenever an open -pit mine is deepened 
to the point where water interferes with operations, 
drainage must be supplied. This is accomplished in 
several ways, such as sinking shafts and driving laterals 
to intercept the flow of water, or by sinking wells 26 
to 32 inches in diameter in which are installed deep- 
well pumps of sufficient capacity to dispose of the flow 
of water encountered. This type of pump has the ad- 
vantage of keeping the motive power on surface while 
the pump is submerged at any desired depth. All such 
equipment is electrically operated. These wells or 
shafts are so located as to extend into the deepest areas 
of the mine, and at the same time so placed as to cause 
the least possible interference with mine operations. 
Frequently, a sump is constructed at the lowest ele- 
vation in the pit, and a centrifugal pump is installed on 
a raft to dewater the mine. All such equipment is elec- 
trically operated. 

Transporting and Sampling of Ores — Aside from mer- 


chantable ore, all material removed in open-pit mining 
is stored in waste or other dumps, as conditions may 
require. The physical properties of the ore are usually 
such that beneficiation is necessary to produce a de- 
sirable ore for furnace use, and it is loaded into steel 
dump cars and transported to crusher, screening or con- 
centration plants. After beneficiation, the ore is loaded 
into ore cars, stored in adjacent railroad yards pro- 
vided for that purpose, and from that point, transported 
to upper port docks by railroad. Sampling the ore for 
analytical and grading purposes is usually performed 
at the time the ore is delivered to railroad yards and 
built into trains for transportation to the docks. The 
usual method is to take one sample from units of five 
cars each. Unusual conditions might require closer 
sampling or other variations from standard practice. 
The usual method permits securing results of analyses 
in time to effect grading of the ore prior to its arrival at 
upper lake shipping points. 

Crushing and Screening Ore — During the loading of 
ore in the open-pit mines of the Mesabi Range by power 
shovels, many large pieces of hard and chunky ore are 
encountered. These large masses must in some way be 
reduced to such a size that they will not interfere with 
the ore being quickly discharged from the dock pockets 
into boats, or be too large for successful blast-furnace 
operation. Very often large pieces are handled through 
a shovel dipper into railroad cars entirely unobserved 
by the workmen, and their presence is first discovered 
when unloading the hopper-bottom cars at the docks. 
Here these chunks obstruct the car openings and cause 
serious delays, and if they leave the cars, they are likely 
to obstruct the pocket opening. 

In order to reduce the size of the lump material sev- 
eral large crushing and screening plants have been con- 
structed. A crusher-screening plant helps to speed up 
shovel work by making it possible to load all ore, 
whether chunks or fines, and acts as a mixer to produce 
a more uniform grade of ore. Before the construction 
of crushing plants, all large chunks, which did not es- 
cape the notice of workmen, had to be reduced by blast- 
ing or with hand hammers. Shovels were delayed in 
picking out these chunks and laying them aside until 
they could be broken. 

The Sherman crushing and screening plant, installed 
in 1950 with a daily capacity of approximately 50,000 
tons of ore, illustrates a typical installation of a plant 
for crushing and sizing ore. 

The plant is composed of two units, each unit having 
four receiving bins, four double-deck screens and one 
jaw crusher. The ore is hauled to the plant from the 
mines in trains of five to ten 30- and 40-cubic yard 
air-operated side-dump cars. The cars are pushed up 
a three per cent grade to the top of receiving bins which 
are 32 feet above the shipping-track grade. The cars 
are dumped, one at a time, into the receiving bins 
which have a capacity of 650 tons each (four bins for 
each crusher). The ore is moved frpm the bottom of 
the bins by 72-inch by 27-foot pan feeders which dis- 
charge the ore onto 60-inch by 12-foot double-deck 
vibrating screens. These screens are set in an inclined 
position. As the ore moves over the vibrating screens, 
it is separated into three sizes (-f 5-inch, —5-inch -b%- 
inch, and — %-inch). The — %-inch material goes 
through both screens and onto a 30- inch belt and is 
conveyed to a transfer where it goes onto a 36-inch 
belt running up to the loading pocket. The —5-inch 
and -h%-inch material goes through the upper decks 
of the screens and rolls off the top of the lower deck 
and onto a 36-inch belt that bypasses the crusher. The 
-f*5-inch material rolls over the upper decks of the 
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screens and goes onto a 72-inch by 70-foot pan feeder 
and is fed into a 48-inch by 60-inch jaw crusher and 
crushed to — 5 -inch size. The -f- 5- inch material can 
also be rejected by discharging the material from the 
72-inch by 70-foot pan feeder onto a 60-inch by 10-foot 
reversible chain belt that conveys the ore to a 54-inch 
})y 70- foot waste-rock pan feeder. This waste rock is 
conveyed up and discharged directly into dump cars 
and hauled to the rock dump. The crushed material 
joins the —5-inch -|-%-hich material on the 36-inch 
belt and is conveyed to a transfer where it is carried by 
another 36-inch belt up to the loading pocket. The two 
products, coarse (—5-inch 4-3A-inch) and fine (— %- 
inch), are loaded separately from the loading pockets 
jnto standard-gauge railroad cars for shipment to the 
docks. 

All machinery in the plant is electrically driven, and 
the capacity is normally limited to the crusher’s capac- 
ity to handle the chunks. The crusher operators are 
stationed directly over the crushers with the necessary 
control equipment to regulate the operations of all con- 
veyors and crusher. A signal system makes it possible 
for each workman on a unit to know at any time the 
grade of ore being run, and from what property it came. 

OPEN-PIT MINING EQUIPMENT 

For the operation of a mine by open-pit methods, the 
major items of equipment consist of electric- and 
dicscl-powered shovels, diesel-electric locomotives, 
belt-conveyor systems, trucks of from 15- to 50-ton 
capacity, tractors equipped with blades, and churn or 
rotary drills. Other equipment used includes ore and 
stripping dump cars, flat cars, locomotive cranes, track 
slufters, spreader plows, automatic tie-tamping ma- 
chines, tripod and jack-hammer drills, etc. 

Shovels — Full-revolving, caterpillar-traction, elec- 
tric-powered shovels (Figure 6 — 10) and walking drag- 
lines have almost supplanted other types, except in 
Lsulated locations where small diesel-powered shovels 
aie generally used. Present shovel and dragline equip- 
ment ranges in weight from 90 to 350 tons, and from 
2 ‘72 to about 10 cubic yard dipper capacity. Dirt, rock 
and ore banks are drilled and blasted ahead of the 
shovels to put the material in condition for maximum 
shovel output. With some of the larger equipment, ore- 
bank blasting is minimized. 

Locomotives — In recent years, 1000- to 1600-h.p., 
240-ton diesel-electric locomotives have come into use, 
supplanting 60- to 125- ton steam locomotives. Tractive 
effort required for starting loads on heavy grades and 
length of haul are among the problems in mind when 
choosing the type of power plant for haulage purposes. 

Stripping Cars — Stripping cars are of steel construc- 
tion, two-way, air- dump, side- hinged type, ranging 
from 30 to 40 cubic yard capacity, and are used for 
removing stripping, as well as ore that is to be hauled 
to beneficiation plants. 

Tracks — In providing standard-gauge tracks for open- 
pit use, the present-day practice is to build up sections 
on wood ties of one rail length (39-foot standard) at 
points where track material is stored, making the pit 
installation as needed by transporting these sections on 
flat cars, using a locomotive crane for loading as well 
as laying them in position in the pit. Likewise, as it be- 
comes necessary to move tracks from one point to an- 
other in the pit, the same method is followed. Rails 
used weigh 100 pounds per yard. 

Belt Conveyors— Removal of dirt stripping and ore 
from open -pit mines by belt conveyors is often the most 
economical and convenient means of transportation. 
This is becoming increasingly true for ore as the mines 


attain greater depths, requiring longer hauls with ob- 
jectionable grades for locomotives or trucks. The tensile 
strength of rubber-covered fabric belts has increased 
in recent years to the extent that they are supplanting 
similar belts that had required reinforcing by a layer of 
steel cables placed between the several plies of woven 
fabric. A 36-inch rubber-coated fabric belt may have a 
capacity up to 1000 tons per hour. A popular width of 
belt is 36 inches, speed 500 feet per minute, with about 
18® incline. 

Electric Power Distribution — Electric power service 
and distribution for open-pit mines is either at 2400 
volts or 4160 volts, 3-phase, 60 cycles. Power shovels 
and large pumps are operated at these voltages. The 
present trend is towards 4160 volts, because of the 
relative increase in mining area which can be econom- 
ically served. 

Shops — The present-day use of large -unit equipment 
makes imperative the installation of adequate shop 
facilities adjacent to the operation, such as machine, 
blacksmith, boiler, electrical, car, truck repair, and 
carpenter shops. These are provided with modem equip- 
ment necessary for the purpose intended. 

Safety — In open-pit as well as underground mining, 
safety is a first consideration. To counteract man fail- 
ure, as well as that of materials and machines, safety 
appliances and educational work are both necessary. 

Advantages of Open-Pit Mining— It is very apparent 
that open -pit mining, when feasible, offers decided ad- 
vantages as compared with underground methods. 
Probably the most evident of these is the possibility of 
big production; in 1942, the Hull-Rust Mine alone 
shipped 21,401,123 tons of ore — ^more than 20 per cent 
of the total mined in the United States during that year 
which, according to the U. S. Geological Survey, 
amounted to 104,883,184 tons. Where the overburden is 
light in comparison with the depth of ore, and stripping 
charges are not heavy, open pit mining produces low- 
cost ore. It accomplishes a great saving in labor; the 
output per man per day from the open-pit mine is many 
times that from the average underground mine. 

BENEFICIATION OF ORES 

Owing to changes in the character of available ores, 
most of the tonnage mined must be treated in some way 
in order to supply the furnaces with ore that can be 
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no. 6-10. Electric power shovel on caterpillar tracks, making a “sinking cut" and loading ore into steel dump cars for haulage from an open-pit mine to a beneficiation 
plant. Diesel -electric locomotive handles the dump cars. Cable carries power to shovel. 
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used to best advantage in burdening the furnace. Hard 
jind lumpy ores must be crushed, fines must be agglom- 
erated, rock lumps excluded and lean ores concen- 
trated to a standard iron content. The quantity of 
beneficiated ores, exclusive of the substantial amounts 
beneficiatod only by crushing or screening, is indicated 
in Table 6— X. 

The flow sheet in Figure 6 — 11 is typical of a Mesabi 


Range concentrating plant using a simple washing 
process. Additional methods are being used and experi- 
mented with for improvement in per cent of iron re- 
covery and cost. These additional methods include 
heavy-media, jigging, fine grinding, drying, flotation 
and magnetic concentration. The iron-ore-mining in- 
dustry in the Lake Superior District is presently 
involved in the development of improved methods 
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Fig. 6—11. Flow-sheet of a typical Mesabi Range concentrating plant using a simple 
washing process. 
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looking to commercial means for the utilization of the 
low-grade ore and so-called taconite. Taconite, or iron- 
bearing rock, occurs in immense quantities in the Lake 
Superior District, and on the Mesabi Range it can be 
mined or quarried, by open-pit methods. 

Processing taconite to produce a usable iron ore re- 
quires grinding of the rock finer than 200-mesh to free 
the iron-oxide particles from the silica and other waste 
materials. The ore is concentrated by use of magnetic 
separators which remove the ore particles and reject 
the silica. These fine iron concentrates must then be 
agglomerated either by sintering, nodulizing or pelletiz- 
ing to make a product for furnace use. More than three 
tons of taconite rock must be processed to produce one 
ton of usable iron ore. The investment in plant and 
equipment to produce iron ore from this source is very 
high. There were three taconite plants in operation on 
an experimental basis in 1955. These were located at 
Mountain Iron, Minnesota (Oliver Iron Mining Divi- 
sion, United States Steel Corporation), Aurora, Minne- 
sota (Erie Mining Company), and Babbitt, Minnesota 
(Reserve Mining Company). There were two commer- 


cial-size plants under construction; (1) a 3,750,000 tons 
per year plant built by Reserve Mining Company at 
Silver Bay on Lake Superior to grind, concentrate and 
agglomerate taconite shipped from Babbitt, Minnesota, 
which started production of iron-ore concentrate pellets 
for shipment, in October, 1955, and (2) a 7,500,000 tons 
per year plant scheduled to be in operation by early 
1957, being built by Erie Mining Company at Aurora, 
Minnesota to beneheiate taconite mined in the Aurora 

UNDERGROUND MINING 

Importance — Underground mining in the Lake Supe- 
rior Region predominates over open-pit operation on 
the Michigan ranges and is used exclusively on the 
Vermilion Range in Minnesota. It is still practiced on a 
limited scale on the Mesabi and Cuyima Ranges, but is 
less important than formerly because long-term cost 
trends have favored open -pit extraction. 

Shafts — In most cases, access to underground mines 
is obtained through vertical shafts sunk adjacent to the 
deposit but far enough away to avoid the effects of 
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Fig. 6—12. Radial top slicing to chutes at a Mesabi Range mine; thick ore body. 
(From U. S. Bureau of Mines Bulletin No. 390.) 
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surface subsidence resulting from mining operations. 
Some inclined shafts are still in use and some ore is 
removed through adits driven in from open -pit banks. 
The depth of underground mines varies from as little 
as 300 feet in the Mesabi District to nearly 4000 feet on 
the Gogebic. Shafts are divided into several compart- 
ments, usually two for hoisting ore in skips (ore con- 
veyances) in balance, one or two for men and materials, 
and others for ladders, air, water and power lines, and 
other miscellaneous facilities. 

Underground Haulage — On the Mesabi Range, some 
of the deposits are in the form of thin, gently-dipping 
beds. In such a situation it is only necessary to estab- 
lish one main level at or slightly below the elevation of 
the ore, but in most mines several levels at vertical 
intervals of from 100 feel to 200 feet are necessary to 
develop the deposit. On each level, or sometimes only 
on occasional levels, storage pockets are installed at the 
shaft for transferring ore from the underground haul- 
age system to the hoisting facilities, and the shaft sta- 
tion is connected with the orebody by a system of 
haulage drifts. The usual method of moving ore to the 
shaft is by electric locomotive and tram cars operating 
on narrow-gauge tracks, but in several instances belt 
conveyors are in use. 

Mining Methods — A variety of mining methods are 
applied in underground mines of the Lake Superior 
District, due mainly to the wide range in competence of 
the ore and enclosing formations and in the dimensions 
and attitude of the deposits. Cost of mining in relation 
to the value of the ore is also very important where 
there is a choice of methods. 

Caving Methods — The majority of underground oper- 
ations are in deposits whore the ore and superincum- 
bent rock are too weak to stand unsupported in large 
openings. Under such conditions, three methods— top- 


slicing, sub-level caving, and block-caving — ^may be ap- 
plied. In these methods, ore is removed in such a 
manner that gradual settling of the overlying material 
is induced, with little or no opportunity for sudden falls 
of large masses of ground. 

In top-slicing, raises are driven vertically from the 
haulage level to the top of ore at intervals of from 30 to 
120 feet for the purpose of transferring broken ore from 
the working place to the level (Figure 0—12). A tim- 
bered room or slice, about 10 feet wide and from 8 to 
18 feet high, is advanced on a sub-level directly be- 
neath the rock capping (or broken material resulting 
from prior operations) from a raise out to the rock walk 
or predetermined mining limit. Broken ore is drawn by 
an electrically driven scraper from the face of the slice 
and dumped down the raise (Figure 6—13). When a 
slice is completed, it is allowed to cave under the weight 
of the mass above, or tlie supporting timbers may be 
blasted to hasten the process. Succeeding slices are 
driven, each immediately adjacent to the one preceding 
in either parallel arrangement or in a radial pattern 
centering at the raise, until the area tributary to the 
raise is mined out. This procedure is repeated on suc- 
cessive sub-levels below until the bottom of the de- 
posit is reached. This method also finds application in 
thin, flat-lying seams on the Mesabi, some of which are 
only slice-height in thickness. Top-slicing has the ad- 
vantages of clean ore recovery, high percentage of ex- 
traction, and selectivity (important in orebodies highly 
irregular in outline or badly broken up by waste rock) ; 
but is a high -cost method because every ton of ore must 
be drilled and blasted and large amounts of timber are 
required. As a result, its use is declining. 

Sub-level caving (Figure 6 — 14) was evolved from 
top-slicing in order to increase ore-breaking efficiency 
and decrease timber consumption. It is probably the 



Fig. 6—13. Miner operating double-drum, electrically driven “slusher” hoist, 
scraping iron ore into **raises*’ or chutes. 
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SUB- LEVEL CAVING 



LEGEND 


A - OLD HAULAGE LEVEL USED FOR 
VENTILATION 

B - MAIN HAULAGE LEVEL, ROCK DRIFT 
PARALLEL TO ORE BODY 

C - MAIN HAULAGE LEVEL CROSSCUTS 

0 - MAIN LEVEL SUPPLY DRIFT 

E - TRAM CAR LOADING DRIFT 

F - ORE CHUTES 


G - SERVICE, VENTILATION AND MANWAY 
RAISES 

H - SUBLEVEL SERVICE AND VENTILATION 
CROSSCUTS 

J - SUBLEVEL TRANSFER SCRAPING DRIFTS 

K, - CAVE DRIFT IN CROSS-SECTION 
(CROSS SLICING) 

K,- CAVE DRIFT IN LONG SECTION 
(LONGITUDINAL SLICING) 

L - CAVED GOB 


Fig. 6—14. Diagrammatic representation of the workings in an ore body being mined by the sub-level caving method. 
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most extensively used mining method in the Lake 
Superior District, particularly on the Gogebic and Ver- 
niilion Ranges. In this method the sub-level height is 
increased to 20 feet or 30 feet, and the width of ore re- 
covered in each slice-block to 20 feet or 30 feet. A 
timbered drift, about 10 ft. by 10 ft., is driven at the base 
nncl on the center line of each successive block. When 
this opening reaches the rock wall or mining limit, the 
ore over the back of the drift and on both sides is 
blasted or caved into the drift in a retreating sequence. 
One variation of sub-level caving utilizes blocks 50 
feet high and 50 feet wide, but requires the use of two 
bottom scraping drifts plus a third drift above them in 
order to drill ore in the upper half of the block. Raises 
ior dropping ore from the mining elevation to the 
liaulage level are usually spaced much farther apart 
than in top-slicing (up to 300 feet) and transfer scrap- 
ing is necessary to move ore from the slice-drift en- 
trance to the raise (up to 150 feet). 

In both sub-level caving and top-slicing, maximum 
production obtainable is to a considerable extent a 
function of the horizontal area of the deposit, since 
within each unit area, the ore on any sub-level must be 
largely exhausted before extraction can begin on the 
next one below. 

Block caving is a method in which maximum use of 
the force of gravity is employed to break the ore. It is 
applicable mainly in clean, massive or tabular deposits 
which if flat-lying must be at least 50 feet thick, or if 
steeply dipping must be wide enough in relation to the 
hardness of the ore to cave or crush readily when 
undercut. If these prerequisites are not met, other 
methods will generally prove more economical since 
they require less preparatory work. In this system, 
1 docks of ore up to 250 feet long and from 50 to 150 
feet wide are developed by a series of parallel scraping 
drifts 25 to 35 feet apart, driven at or near the foot- 


wall contact of the orebody or a short distance above 
the haulage level as the situation requires. The block is 
undercut at an elevation slightly above the scraping 
drifts by long holes drilled and blasted either from 
them or an auxiliary drilling drift located at tlie under- 
cut elevation. Short, closely spaced finger raises, also 
called mills, are put up and “coned” out from the scrap- 
ing drifts to enable ore caving into the void created by 
the undercut to be drawn off. Close control of the draw- 
ing operation is essential to obtain high recovery of 
ore with minimum contamination from rock capping or 
waste from overlying mined-out zones. Recent appli- 
cation of block caving in the Lake Superior District 
dates only from about 1947 and its current use is mainly 
on the Marquette Range. 

Open-Stoping Methods— In a number of mines, largo- 
sized rooms called slopes can be opened up without 
immediate danger of collapse. In steeply-dipping orc- 
bodics having widths of up to 100 feet, the .stopcs may 
bo arranged so that their long axes coincide with that 
of the deposit, but in wider orebodies, transverse slopes, 
separated by vertical columns of ore called pillars, arc 
employed. The pillars may be left in place permanently 
or may bo recovered at a later date as dictated by tlie 
lihysical or economic situation. When the walls of the 
slopes are strong enough to stand unsupported for 
heights equivalent to the level interval, a method called 
sub-level sloping (Figure 6~15) is commonly em- 
ployed. In this method one or more scraping drifts, 
10 to 25 feet above the haulage level, are driven at 
the base of the proposed slope. At the same time, sub- 
level drifts at vertical intervals of 25 feet or more are 
driven on the slope centerline. From the scraping 
drifts “mills” are driven to the first sub-level and 
funnelled out in the shape of an inverted cone. Actual 
mining is started at one end of the slope by opening a 
slot across the full width from the first sub-level to 




LONGITUDINAL SECTION 

Fig. fi— Tvnirnl sub-level sloping using scraper system. (From A.LM.E. Transactions, Vol. 163, “Mining Practice’* 
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Fic. $—16. Schematic representation of horizontal cut- 
and-fill stoping. 


within 20 or 30 feet of the main level above. Operations 
are then continued by retreating to the other end of the 
stope, ore being broken by long holes drilled radially in 


vertical planes from the various sub-levels or by 
shorter holes drilled from benches cut across the work- 
ing face. Broken ore falls to the bottom of the stope, is 
drawn through the mills to the scraping drift, where 
any required Secondary breaking is accomplished, and 
then moved by scraper to a raise leading to the main 
level. Sub-level stoping is an efficient, low-cost method, 
and is the most widely used open -stoping system in 
the region. Its use is particularly widespread in the 
semi-hard ores of the Iron River and Crystal Falls Dis- 
tricts of the Menominee Range, but has been frequently 
used in narrow sections of soft orebodies on the Mar- 
quette, Gogebic and Cuyima Ranges. 

Several other open -stoping methods are in use where 
rather unique conditions exist. In each case the ores 
happen to be quite hard, but other factors have as 
much to do with the choice of mining method. At one 
mine, the orebodies are narrow, elongated, and steeply 
dipping. The rock walls have a tendency to slab off 
when unsupported for a height of as little as 20 feet. To 
circumvent this condition, a method called cut-and-fill 
stoping is used (Figure 6 — 16). The ore is mined be- 
tween levels 200 feet apart by taking a series of hori- 
zontal cuts about 12 feet thick in an ascending sequence. 
At the completion of each cut waste rock is run into the 
stope to fill the void left by the removal of the ore. 
Cribbed chutes are carried upward as filling proceeds 
so that ore can be dumped down to the haulage level. A 
somewhat similar system is used at another mine where 
the deposits have about the same shape with somewhat 
more competent walls. In this method, called shrinkage 
stoping, broken ore is left in the stope as mining 
progresses upward. The mill or chute arrangement is 
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Flo. 6— 17. Loading iron ore into steamer. 
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bimilar to that vised in block caving and sub-level stop- 
ing, only enough ore being drawn to offset the ex- 
pansion in volume due to breaking. The balance is not 
removed until the stope is completed. At another hard- 
ore operation, the orebodies are a series of thick, tabu- 
lar masses originally part of a flat-lying formation but 
now folded and faulted into numerous segments, dipping 
at predominantly flat angles. Levels are only 50 feet 
apart due to the irregularity of the deposit. The total 
horizontal area to be mined is too great to allow com- 
plete removal of the ore so that pillars approximately 
25 feet in diameter are left unmined at fairly regular 
intervals for roof support. The mining system is a com- 
bination of methods, the first operation on each level 
being the opening of rooms about 25 feet high with 
pillars left as noted above (room-and-pillar sloping). 
If the ore does not extend to the level above, the back 
of the stope is mined by drilling from the top of a pile 
of broken ore (overhand sloping). Where the ore is con- 
tinuous between levels the floor of each room is broken 
downward into a central raise leading to the level below 
(underhand sloping). 

GRADING THE ORES 

In the early days of iron ore mining, no grading of the 
ore from composition, such as prevails today, was made, 
and the ore was known by the name of the mine that 
produced it. Then, the number of mines was small, and 
the ore from any one mine was fairly uniform. As the 
production increased, however, and the field of avail- 
able ore was broadened to include deposits previously 
regarded as unprofitable, it became necessary, in order 
to simplify shipping, to grade ores according to their 
composition and, further, to mix ores differing in com- 
position to produce certain grades. Finally, it became 
quite common for one mine to ship several different 
grades, and for the ore from several mines to be grouped 
under one name. These conditions brought about a 
necessity for knowing the exact composition of the 
various ores, and whether or not, in the case of mixed 
ore, each cargo was of the grade guaranteed. This 
grading is done by sampling the ore in the cars as fast 
as they are loaded at the mine or beneficiation plant in 
lots not exceeding five, and making a rapid but accurate 
analysis of the determining elements. From the results 
of this analysis, the class or grade of the ore is fixed, 
and its allotment into a certain group can be made. This 
is the work of the grader, who, from the analysis of the 
cars as submitted to him, makes a theoretical cargo in 
which the contents in silica, iron, phosphorus and 
possibly manganese, the determining factors in the 
value of an ore for its particular purpose, must fall 
within certain predetermined limits. It is very difficult 
to grade to more than two components, and usually the 
grading is done to iron and silica, or to iron and phos- 
phorus, unless the deposits have been separated by 
nature into bodies of basic and bessemer grades, when 
the grading may include iron, phosphorus, and silica. 

TRANSPORTING THE ORES 

The lake ores now supply all the furnaces in Western 
New York, Western Pennsylvania, Ohio, Illinois, and 
Indiana, as well as those in the ore producing states of 
Michigan, Wisconsin, and Minnesota. In order to reach 
these markets, the ores must be transported for dis- 
tances varying from 300 to more than 1000 miles, de- 
pending upon the locations of both the mine and the 
furnaces. The cost of transporting this ore by rail alone 
would be a serious handicap to some furnaces, but 
fortunately the chain of Great Lakes affords a cheap 
mode of transportation for the greater part of the long 


as well as the short distances. Nearly aU the ore mined 
in the ranges, then, goes first by rail to a harbor on 
Lake Michigan or Lake Superior, where it is loaded 
on ore-carrying boats that carry it either down Lake 
Michigan to Chicago or Gary or through Lake Huron 
and Lake Erie to ports farther south. For most of the 
ore, even these lower lake ports are not ultimate 
destinations, and another haul by rail is required to 
place it at the furnaces. 

Now, to return to the grading of the ore and what was 
there referred to as a theoretical cargo or boat load 
which may weigh from 3000 to 21,000 tons, depending 
upon the size of the boat. When the cars containing this 
theoretical cargo reach the dock at the shipping port, 
they are unloaded into the dock pockets, one on top 
of the other, three to six cars to a pocket, in such order 
a.s to mix the ore as much as possible. The ore is then 
allowed to flow from these pockets into the hatches 
of the steamer (Figure 6 — 17), thus, again mixing the 
ore. Then the boat proceeds to her destination, where 
the ore is unloaded by electrically or otherwise oper- 
ated grabs (Figure 6—18), which process of unloading 
still further tends to mix the ore and make it uniform. 
All this mixing of the ore is not to be thought of as 
merely incidental to the operations, but as a necessary 
course of procedure, for uniformity in the ore is a very 
important requirement in the successful operation of 
the blast furnaces. If the ore is unloaded at the works 
located on the lakes, it is sampled for analysis during 
the unloading by an elaborate system and is dumped 
upon its appropriate stock pile; if for inland works, 
such as Pittsburgh, it is placed in cars and shipped to 
the works, where it is thoroughly sampled. This 
sampling and analysis is common to all consumers, in 
fact, and is employed as a check on the sampling, 
analysis, grading, and mixing at the mines, and on all 
the operations of handling involved in delivering each 
grade of ore to the furnaces. The cars are then un- 
loaded upon a stock pile from which the ore can be 
used as needed, or directly into the furnace bins, if the 
ore is needed for immediate use. 

Mining and Grading in Winter — In winter the pro- 
cedure as outlined above has to be changed somewhat. 
During a part of November, and all of the winter 
months of December, January, February, and March, 
the ore cannot be transported over the lakes because of 
the ice. On this account, operations in the open pit mines 
of the Mesabi District are suspended in winter; but in 
all the underground mines, both of the old ranges and 
the Mesabi, mining is continuous throughout the year, 
and the ore mined during the nonshipping season must 
be stock-piled. As this ore is removed, it is carefully 
sampled, and average samples are analyzed daily. The 
results of these analyses, supplemented by those made 
in the work of exploration that is constantly carried 
on in advance of the mining, make it possible to calcu- 
late the average composition of each stock pile at the 
beginning of the shipping season in the spring. This 
stock, therefore, may be combined, if necessary, with 
the ore direct from the mines to make up cargoes of 
definite and known composition. 
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Chapter 7 

FLUXES AND SLAGS 

SECTION 1 

FLUXES 


Function of Fluxes — Any metallurgical operation in 
which metal is separated by fusion from the impurities 
with which it may be chemically combined or physically 
mixed (as in ores) is called smelting. Since in iron 
smelting both these conditions with respect to impuri- 
ties are always present, the production of crude iron in- 
volves two processes: (1) the reduction of the metal 
from its compounds and (2) its separation from the 
mechanical mixture. Many of the impurities associated 
with iron ores are of a highly refractory nature, that is, 
they are dilTicult to melt. If they should remain unfused, 
they would retard the smelting operation and interfere 
with the separation of metal and gangue. To render suck 
substances viore easily fusible is the primary function 
of a flux. Some elements, being reduced almost simul- 
tancou.sly with the iron, dissolve in it, or even combine 
chemically with it. Some other compounds, already com- 
bined with the metal in the raw materials, refuse to be 
separated from it unle.ss there be present a substance 
for which they have a greater chemical afTinity under the 
prevailing conditions. To furnish a substance with which 
these elements or compounds may combine in preference 
to the metal is the secondary function of a flux. 
Chemistry of Fluxes—The selection of the proper 
flux for a given process is chiefly a chemical problem 
requiring a knowledge of the composition and properties 
of all the materials entering the process. With this 
knowledge at hand, the .selection will be governed by 
the well -established physical and chemical laws which 
apply at smelting temperatures. These laws are not un- 
like those which gtwern chemical reactions at ordinary 
temperatures. Of most importance are the laws con- 
cerning the formation of salts from the interaction of 
acids and ba.ses. Practically all of the slag-forming com- 
pounds that enter into a smelling or refining process 
may be classed as either “acids" or “bases” by virtue of 
the fact that they will react with each other to form 
compounds which are analogous to the salts formed in 
reactions taking place in water .solutions. In like man- 
ner, stronger or more active “acids” and “bases” will 
replace weaker or less active ones in slag compounds. 
The substances which are conventionally considered to 
be “bases” at the high temperatures encountered in 
smelting and refining are those which are compounds of 
the elements forming basic compounds in ordinary 
chemical reactions in water solutions, such as calcium, 
magnesium, sodium, etc.; while the most important acid 
impurities are compounds of silicon and pho.sphorus. 
These latter elements normally form acids in water solu- 
tions. In addition to these are compounds which are 
analogous to the amphoteric compounds or elements 
which are capable of acting as acids or bases depending 
on the conditions imposed. Since one of the functions of 


a flux is to neutralize or form slag with unwanted im- 
purities, it will naturally follow that to remove “basic” 
impurities, an “acid” flux will be required and to re- 
move “acid” components, a “base” will be used as the 
flux. It is fortunate tliat, generally speaking, the slag 
compounds formed by reactions between acid and basic 
materials have lower melting points than the reacting 
compounds, so that the primary function of a flux, 
rendering impurities more fusible, is simultaneously 
fulfilled, although there arc occa.sions where a “neutral” 
material may be u.sed to obtain slag fluidity. In most ores 
the impurities will be both acid and basic, with the acid 
materials usually predominating. In certain Southern 
ores, however, the acids and bases are so well balanced, 
or can be made so by mixing, that the ores are classed 
as self- fluxing. A brief discussion of the more important 
fluxes used in the iron and steel industry follows. 

Acid Fluxes — Silica (SiO») is the only substance that 
may be classed as a strictly acid flux. For this purpose 
it is available as sand, gravel and quartz in large quan- 
tities and in a sufficiently pure stale. In acid-steelmaking 
processes, silica seldom is added as a flux, for the lining 
of the furnace supplies what may be required. On oc- 
casion, silica may be used in basic processes where ex- 
cess lime has been charged, or where the raw materials 
are too low in silicon. Acid-Bessemer slags may be 
charged in the blast furnace for their beneficial fluxing 
or scouring effect on accumulations on the furnace 
bosh, as well as, incidentally, to recover the iron and 
manganese they contain. Gravel is used frequently for 
the same purpose. Siliceous iron-bearing materials are 
charged in making blast-furnace grades of ferrosilicon, 
but the function of silica in this instance is to provide a 
source of silicon rather than to act as a flux. 

Basic Fluxes — While in acid processes iron and man- 
ganese oxides act as bases, they are not normally added 
for this purpose and cannot strictly be classed as fluxes. 
The chief natural basic fluxes are limestone, composed 
principally of calcium carbonate, CaCO», and dolomite, 
composed principally of calcium-magnesium carbonate, 
(Ca,Mg)COt. Either dolomite or limestone may be used 
as a blast-furnace flux, but the former is not so satis- 
factory as limestone in cases where it is desired to 
minimize the volume of slag produced, or where large 
amounts of sulphur must be removed by the slag. Avail- 
ability and cost are important factors when choosing 
between them. A high-magnesia slag is not desirable 
for cement manufacture, but for ballast or concrete ag- 
gregate produces a much harder product which is less 
subject to slaking. Representative compositions of lime- 
stone and dolomite are given in Table 7—1, together with 
typical compositions for calcined or “burnt” limestone 
and dolomite. Lime is usually added as calcined or 
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Table 7 — Representative Compositions of Limestone, Burnt Lime, Dolomite 
and Burnt Dolomite (Natural State Determinations). 


Ingredient 

Limestone 

Burnt Lime 

Washed Dolomite 

Burnt Dolomite 

CaCOi 

95 06 


54 74 


MgCOi 

0.54 

6.70 

39.61 


Fe^()i\ 


AljOi / 

0.70 

0.93 

0.43 

1.57 

SiO, 

1.73 

2 55 

0.74 

1 53 

Sulphur 

0 049 

0.07 

0 026 ^ 

0 037 

Phosphorus 

0 020 

0.03 

0 006 

0.009 

lUO 

1.70 

4.00 

CaO 

81.36 


56 35 

MgO 



38 65 

Loss on Ignition 


14.00 


1 (iO 


“burnt” lime in the basic open-hearth process where 
more than tlie amount furnished by the limestone 
charged is found to be needed at a later stage of the 
heat. Dolomite is not used in the basic open-heaTth 
process except as a refractory. 

The efTectiveness of a natural basic flux is reduced by 
the chemically -acid impurities it contains, since these 
also must be neutralized by some of the chemically- 
basic compounds in the flux. The effectiveness of a basic 
flux is expressed in terms of “available base,” by which 
is meant the amount of basic substance that remains in 
the raw flux after its own acid contaminants have been 
satisfied. 

Alumina — Although alumina is seldom employed as a 
flux, it deserves mention at this point because it is pres- 
ent in a large number of raw materials and is therefore 
unavoidable. In slags it may function as an acid or as a 
base, depending on the conditions imposed. For instance, 
in highly siliceous slags it may form aluminum silicates, 
while in the presence of a large excess of a strong base 
such as lime, it may form calcium aluminates. 

Neutral Fluxes — For the purpose of making slags more 
fusible without changing their acidity, basicity, or oxi- 
dizing properties, neutral substances having low fusion 
points may be added. For this purpose, fluorspar is the 
most commonly used substance. A typical composition of 
fluorspar, in which calcium fluoride is the active in- 
gredient, is given in Table 7 — II. 


Table 7 — n. Typical Composition of Fluorspar 
(Dry Basis) 


Ingredient 

Per Cent 

CaF, 

81.0 

SiOj 

4.75 

AbDj, FcjO* 

1.00 

S 

1.00 

CaCO, 

Remainder 


Sources of Fluxing Materials — As mentioned earlier, 
sources of silica for fluxing purposes are sand, gravel, 
quartz, and, in some cases, such material as used brick 
from silica-brick lined vessels or ladles. Acid- Bessemer 
and acid open-hearth slags or siliceous ores may be 
used in special instances. Limestone of fluxing quality 
is distributed widely and underlies most of the area 
drained by the Mississippi and Ohio Rivers. The larger 
portion of the limestone for the Pittsburgh steelmaking 
district originates in Western Pennsylvania, while that 
for the Lakes district is obtained from the northeastern 
section of the lower peninsula of Michigan, and from 
northern Ohio. Dolomite is quarried chiefly in eastern 


West Virginia for use in the Eastern district. Fluorspar 
for use in the steel industry comes primarily from west- 
ern Kentucky and southern Illinois. 

Preparation of Fluxes for Use — The fluxes previously 
mentioned usually require only drying and sizing before 
use. Those materials which may be added to a slag, such 
as fluorspar and burnt lime, are desired small in size so 
that they may rapidly react to produce the desired re- 
sults. Limestone and dolomite for blast-furnace use and 
limestone for use in the basic open hearth require care- 
ful sizing because the rate of calcination of these ma- 
terials is controlled primarily by the surface exposed. 
The chemical reactions involved are: 

A. For pure calcium carbonate: 

CaCO. CaO -f CO. 

B. For pure magnesium carbonate: 

MgCOa ^ MgO 4- CO. 

Both reactions are endothermic and are affected by 
pressure and temperature. Reaction A comes to equi- 
hbrium under a pressure of one atmosphere of CO* at 
a temperature of about 1625“ F, and it is evident that 
calcination will begin at temperatures much below steel- 
making temperatures. For a given limestone at a given 
calcining temperature the surface area (screen size and 
shape) determines the time for complete calcination. 
The times for complete calcination a* 1780“ F of different 
sizes of an ordinary grade of limestone are about as 
follows: 

Screen Size of Stone (In.) Calcining Time (Hr.) 


1 liolVi 

2 2 to 3 

3 3 to 4^8 

4 4 to 6 

5 5to7V^ 

6 6 to 9 

Thus, in a blast furnace, for example, it is possible 
through a sizing of the stone to have its decomposition 
completed at the position in the stack desired for most 
economical operation. In general, the preferred size for 
blast-furnace stone is 2 to 4 inches, while for open- 
hearth use the preferred size is 4 to 8 inches, although in 
the latter case the stone size may be varied more widely 
in order to cause the occurrence of the lime boil at the 
desired time. 

Burnt lime is produced by the calcination of limestone 
in large rotary kilns of the general type described later 
in Section 5, which may be several hundred feet long. 
They are inclined at a slight angle and are fired from the 
lower end. The slow rotation moves the stone from the 
upper charge end and during its passage through the kiln 
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it decomposes to calcium oxide or burnt lime and is dis- passing out with the waste gases from combustion of the 
charged at the fired or lower end, the carbon dioxide fuel. 


SECTION 2 

SLAGS 


Slag is the name applied to the fused product formed 
by the action of the flux upon the gangue of an ore or 
fuel, or upon the oxidized impurities in a metal. As 
previously indicated, they result from the neutralization 
of bases and acids, hence, correspond roughly to the 
salts formed in water solution during chemical reactions 
at ordinary temperatures. The word cinder is used inter- 
changeably with slag, but cinder is also applied to refuse 
in a solid form. The subject of slags in general is a very 
large one and the discussions in this section are intended 
merely as introduction to the subject. 

Metallurgical Functions of Slags — On account of their 
fusibility, chemical activity, dissolving power, and low 
density, slags furnish the means by which impurities are 
separated from the metal and removed from the furnace 
in both iron and steelmaking processes. Incidentally, as 
in the open hearth process, for example, the slag per- 
forms other important functions. Lying upon the molten 
metal, it serves as a blanket to protect the metal from 
the action of hot gases, and as slag is a poor conductor 
of heat, it may sometimes prevent overheating of the 
metal and, at other times, conserve its heat. Since slags 
possess the power of dissolving oxides, they are used 
effectively as a means of controlling the composition of 
the bath of metal beneath. In the metallurgy of iron- 
making, the importance of slag cannot be overempha- 
sized. In the blast furnace, the combination of the com- 
position of the slag and the temperature of the metal and 
slag in the hearth furnishes the means of control of the 
sulphur and silicon contents of the iron produced, as dis- 
cussed in Chapter 12. In open hearth steelmaking, par- 
ticularly in the basic process, the slag is the only means 
by which the impurities in pig iron (excepting carbon) 


are removed. To the metallurgist, a knowledge of the 
properties of slags, their chemical behavior, formation 
temperatures, fusibility and fluidity, and how to control 
these factors, is essential. 

No attempt has been made in this brief statement to do 
more than call attention to the metallurgical importance 
of slag in blast furnace and in open hearth furnace op- 
erations, both of which are later covered in detail. Slag 
is of equal metallurgical importance in other processes 
such as the electric furnace, the Bessemer and other spe- 
cial processes, including duplexing. In each case, the 
metallurgical features of the slag formed are described 
under the individual process in later chapters. 

Secondary Metallurgical Uses of Slag — In addition to 
its metallurgical functions in different processes, slag, 
when recovered from one process, may possess properties 
which make it useful or of value in other metallurgical 
operations. Thus, basic open hearth slag, with its high 
iron and manganese contents, is an excellent addition to 
the blast furnace burden, as these elements are reduced, 
and valuable metallics recovered which otherwise would 
be wasted. Open hearth slag of special composition, such 
as the tapping slag described later, is of value in making 
up the blast furnace burden. The iron units in this slag 
are recovered in the pig iron, the lime present in the slag 
aids as a flux, and the manganese is reduced and in- 
creases the manganese content of the pig iron. 

Special methods or treatments have been developed or 
are in the course of development for the recovery of 
valuable alloys from electric furnace slag. The value of 
these processes, as in those mentioned above, is largely 
one of economics; i.e., does the value of the material re- 
covered amount to more than the cost of its recovery? 


SECTION 3 

SLAGS AS BY-PRODUCTS 


After performing their useful functions in a particular 
process, the slags produced often are of value for other 
purposes. 

Blast furnace slag, depending upon its chemical com- 
position and the physical form in which it is permitted 
to solidify, has many uses. Three general physical types 
are produced by different methods of cooling from the 
molten state; i.e., air-cooled, granulated, and expanded. 
Air-cooled slag, the “crushed slag” of commerce, is pre- 
pared by pouring the molten slag onto a slag bank or 
into a pit. After solidifying and cooling, the slag is ex- 
cavated, crushed and screened. Granulated slag is pre- 
pared by three general methods: pit, jet, or dry granula- 
tion. Pit granulation consists of running the molten slag 
directly into a pit of water, producing a relatively coarse, 
friable product. In the jet process, a modification of the 
pit process, the stream of molten slag is broken up by a 
high-pressure water jet as it falls into the pit, and the 
granulated slag falls into the water in the pit to be 
quenched further. A product called dry granulated slag 
is made by a mechanical device using relatively small 
amounts of water. Expanded or lightweight slag is the 


foamed product produced when molten slag is expanded 
by applying a limited quantity of water or with a con- 
trolled quantity of water and air or steam. The amount 
of water used under controlled conditions is less than 
that required for granulation; consequently, a relatively 
dry, cellular lump product is formed in the process. 
Lightweight slag is made commercially in the United 
States in three general ways, which may be designated as 
the machine process, the jet process and the bank proc- 
ess. The objective of the machine process is the expan- 
sion of the molten slag in a revolving device with steam 
generated by contact of the slag with a controlled quan- 
tity of water. In the jet process, one or more high- 
pressure jets of water impinge on a stream of molten 
slag, and the product falls into a dry pit. The bank proc- 
ess is the application of water under pressure as the slag 
flows from the ladle down the face of the bank. The 
water is controlled or regulated by the pitman in order 
to expand the slag to a clinker properly and to prevent 
granulation. Expanded slag has a relatively high struc- 
tural strength with good insulating and acoustical prop- 
erties. Nearly 2,300,000 tons were produced in 1953. Ihe 
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material is normally produced in two sizes, the coarse 
ranging from to No. 4 sieve and the fine from No. 4 
sieve to dust. The cellular structure of the aggregate con- 
sisting of many nonconnecting cells surrounded by thin 
walls of slag is more pronounced than with the air- 
cooled slag. 

Specific Uses of Blast Furnace Slag — Blast furnace slag 
has been very successfully put to many commercial uses, 
some of which are summarized in Table 7 — III. The steps 
in processing the slag to convert it to useful forms are 
shown schematically in Figure 7 — 1. 

Table 7 — HI. Principal Uses of Blast Furnace Slag 

A. AIR COOLED— Crushed and Screened Slag 

Ballast, Railroad 

Concrete, Portland Cement 

Concrete Units; Masonry, Hollow 

Binder Course, Sheet Asphalt Pavement 

Bituminous Concrete Base or Surface Course 

Bituminous Macadam Base or Surface Course 

Bituminous Surface Treatment 

Cushion Course for Brick or Block Pavement 

Sand for Sheet Asphalt or Bituminous Concrete 

Waterbound Base or Wearing Course 

Sewage Trickle-Filter Media 

Roofing Granules (Bituminous Built-up Roofing) 

Mineral Wool 

Sub- bases and Special Subgrade (Insulations) 
Traffic Bound Roads; Berms, Shoulders 
Stabilized Roads and Bases 
Porous Back-Fill and Underdrains 
Lightweight Aggregate (Expanded Slag) 
Embankments, Roadway Fills (Bank Slag) 

Glass Sand, Ceramic Ware 

B. GRANULATED SLAG 

Slag Cements 

Soil Corrective, Agricultural Slag 
Roadway Insulation Courses 
Special Subgrade and Sub-bases 
Roadway Fills and Embankments 
Ceramic Ware, Glass Sand 
Concrete Units 
Building Blocks 

C. EXPANDED SLAG 

Concrete Masonry Units 
Structural Concrete 
Fireproofing 
Floor Tile 
Precast Products 
Floor Joists and Slabs 
Building Blocks 
Brick 

Acoustical Tile 

Curtain Walls; Back-Up, Insulation, Fire Resistive 

Slag output in 1953, as reported by the Bureau of 
Mines, totalled 30,511,603 short tons, a new record high 
well above the previous record of 26,899,376 short tons 
turned out in 1951. The value of the 1953 output was 
$40,067,294. The recovery of iron by slag processors dur- 
ing 1953 totalled 353,833 short tons. 

For concrete making purposes, slag has many desirable 
features. The strengths, both compressive and flexural, 
developed in slag concrete are at least equal to those 
resulting from the use of other types of aggregate. 
Typical slag concrete weighs approximately ten pounds 
per cubic foot less than concrete made of other materials, 
this statement of course not applying to concrete made 
from special lightweight aggregate, of which lightweight 
slag is one. 

Slag is especially adapted to macadam road construc- 
tion for the particles, due to their shape, interlock in 
such a way as to form a very good mechanical bond. 
The slag fines used to bind or fill the voids of larger 


175 

macadam sizes are also very desirable because of the 
cementing value. 

The characteristic rough, pitted surface of slag par- 
ticles, together with the fact that it is hydrophobic in 
nature, makes it exceptionally suitable for bituminous 
construction of all types. These characteristics provide 
an excellent bond between the bitumen and aggregate, 
and also permit the application of a sufficiently heavy 
film of bitumen on the aggregate surface to assure 
durability and long life in the pavement. Slag sand is 
particularly valuable for use as fine aggregate in bi- 
tuminous concrete of both the hot and cold -mix types. 

Slag has proved to be an excellent aggregate for air- 
port runway construction of the macadam, bitxuninous or 
concrete t 3 rpes. 

As railroad ballast, slag has been u.sed successfully by 
the leading railroads in the United States for many years. 
Many of the most heavily- traveled tracks in the country 
are ballasted with slag. More than 5,000,000 tons were so 
used in 1953. Another use for crushed as well as granu- 
lated blast-furnace slag is for agricultural purposes, in 
which it serves three functions: (1) to reduce soil 
acidity; (2) to alter and improve physical characteristics 
of soils; and (3) to supply essential plant nutrients which 
many soils lack. In regard to (3), however, blast-furnace 
slag is considered as a soil conditioner rather than as a 
fertilizer. It contains many of the mineral elements nec- 
essary for plant growth, notably manganese, boron, sul- 
phur and iron. Its action as a soil conditioner is similar 
to that of basic open-hearth slags used widely in the 
South for this purpose, as discussed later. 

Slag also has proved of value as trickle-filter media for 
sewage disposal. This is especially true in the northern 
states where the filter media is subjected to severe freez- 
ing and thawing as well as wetting and drying. Slag has 
withstood the extreme exposure in sewage-disposal 
filter beds to a remarkable degree with practically no 
breakdown, even after as much as thirty years of service. 

Slag has been in great demand for many years for use 
as a covering for built-up bituminous roofs and as 
granules for covering asphalt shingles. 

A demand for slag for use in the production of mineral 
wool in the past few years has materially increased. A 
large percentage of all mineral wool produced in the 
United States is made of slag. Slag is re-melted in a 
small cupola and the molten product, after reaching a 
desired temperature, is blown into wool by a jet of high- 
pressure steam or compressed air. The production of 
mineral wool from the molten slag as it comes from the 
blast furnace has, after much experimentation, not been 
found practical. 

One of the earliest uses for blast-furnace slag was in 
the manufacture of cement. Slag with a low magnesia 
content is required for cement-making. In granulated 
form, such slag has been used in large quantities in the 
manufacture of portland as well as other types of cement. 
For Portland cement it is used as a part of the raw ma- 
terial that is burned in the usual way to form clinker, 
which, in turn, is ground into cement by metliods de- 
scribed in Section 5 of this chapter. Over 1,400,090 tons 
of blast-furnace slag were used for the making of cement 
in 1953. 

Basic open-hearth slag has a more limited field of ap- 
plication as a by-product than has blast-furnace slag 
but, like the latter, it also has found an important use 
as a soil conditioner, especially in the southern states. 
In the northern states, with present steel-making prac- 
tices, the phosphorus content of basic open-hearth slag is 
low compared to that of the basic open-hearth slags 
produced in the southern states where ores of a much 
higher phosphorus content are used. 
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Fks. 7—1. Schematic representation of the steps involved in processing blast-furnace slag to convert it to useful forms. The purpose of the multiple screens pre- 
ceding the screened-slag bins is to sort the crushed slag into appropriate sizes. 
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The greatest production of basic open-hearth slag for 
use as a soil conditioner is produced at a plant in which 
the steel is produced by the duplex process involving 
use of acid converters and tilting basic open-hearth 
furnaces maintaining a dominant pool. In this process 
approximately 80 per cent of the next succeeding charge 
in the form of blown metal is washed through the refin- 


ing slag of the previous heat impregnating the slag with 
phosphorus. The slag is then poured from the furnace 
over the fore plate into slag pots beneath the furnace, 
as described in Chapter 17 entitled “The Duplex and 
Triplex Processes.” 

Flush slags from the conventional open-hearth process 
also may be used as a soil conditioner. 


SECTION 4 

FUNCTIONS OF SLAGS AS SOIL CONDITIONERS 


The chief food elements that plant life or vegetation 
obtains from the soil are potassium, phosphorus, and 
nitrogen, but, as mentioned previously, others such as 
iron, sulphur, and manganese are essential. For p'ants 
to thrive, soil conditions must be favorable, particularly 
with respect to humus content and basicity. Thus, if the 
soil is in clods, or if it is too acid or basic, unsatisfactory 
crop results are obtained, irrespective of the amount of 
fertilizer applied. An important function of slags is to 
correct such adverse conditions. 

The chemical bases in slags consist mainly of lime, 
with some magnesia and small amounts of other basic 
compounds. The lime in slag, however, is in loose 
chemical combination with silica, iron, and manganese, 
so that it does not “bum” like ordinary agricultural lime 
nor revert to carbonate, but remains in a stable, almost 
neutral form, available as needed over long periods of 
time until exhausted. 

While slags used for agricultural purposes cannot be 
called fertilizer, they do contain some fertilizing ele- 
ments and, if of a suitable grade and properly prepared 
and applied to the soil, do promote conditions essential 
to profitable farming. Hence, they rightly are called 
soil conditioners. 

The first basic slag used as soil conditioner was from 
the Thomas-Gilchrist or basic Bessemer process of steel- 
making. The possibilities of this slag as a soil conditioner 
and stimulant to plant growth were investigated first in 
England in 1884. Its use was adopted in Scotland in 1890, 
and the practice spread rapidly throughout Europe in 
succeeding years. 

As early as 1900, a German investigator reported on 
the use of blast-furnace slag as a fertilizer, with special 
reference to the beneficial effects of soluble silica in the 
material. Comparatively little comprehensive research 
work on the agricultural value of blast-furnace slag has 
been done in the United States, although coordinated 
test work has been undertaken in recent years and is 
still in progress. 

In the South, the Tennessee Coal and Iron Division of 
the United States Steel Corporation has been preparing 
and marketing basic open-hearth slag from their duplex- 


ing process, as a soil conditioner since 1915. The high- 
phosphorus content of the slag, previously referred to, 
justifies economically the cost of preparation and freight 
charges of the product for use in that area. Originally, it 
was the aim of the company to produce a slag for agri- 
cultural purposes in which the citnc-acid-soluble 
phosphoric-acid content was high enough to meet fer- 
tilizer specifications. However, experiments established 
the fact that slags with a much lower phosphonc-acid 
content were so useful as soil conditioners that it ap- 
peared best to aim for greater tonnages containing be- 
tween 8 and 12 per cent phosphoric acid, rather than a 
limited tonnage of product with an extremely high con- 
tent of phosphoric acid. Steps in its preparation are as 
follows: 

The high -phosphorus slag from the tilting open hearth, 
after cooling, is delivered to the soil -conditioner plant 
and mixed with flush slag containing less phosphorus. 
The large slag cakes are first broken by the use of a 
heavy steel ball, after which large pieces of steel are re- 
moved by the use of a conventional electromagnet. The 
slag is then transferred by a grab bucket to a roller 
crushing unit which breaks it down to IVfe-inch maxi- 
mum size. Elevating conveyors then deliver the slag over 
a magnetic roller and vibrating screens from which the 
larger pieces of slag are returned to be recrushed and 
shot-steel scrap is loaded for use in the blast furnaces. 
That portion of the slag which passes through the screen 
is then conveyed to a conventional tube mill for fuial 
grinding. 

From the tube mill the slag is conveyed to storage bins 
and thence to a bagging unit where once again it is 
passed through screens to remove all tramp particles. 
Samples for chemical analysis and fineness testing are 
taken hourly from the product discharged from the tube 
mill. The product is packaged in paper bags, each con- 
taining 100 pounds net weight and marketed under the 
trade name of “Ground Open Hearth Basic Slag.” 
Phosphoric acid content ranges from 8 to 12 per cent; 
fineness 70 per cent through a 100-mesh screen. Facilities 
are available for the loading of this slag in bulk not only 
in railroad cars but spreader trucks as well. 


SECTION 5 

MANUFACTURE OF PORTLAND CEMENT 


Portland cement is a finely pulverized material con- 
sisting of certain definite compounds of lime (CaO), 
silica (SiOO. alumina (AI^Ob) and iron oxide (FetOa). 
Its most familiar use is in concrete. Concrete is a mixture 
in which a paste of portland cement and water binds fine 
and coarse materials (sand, pebbles, crushed stone, 
crushed blast furnace slag, etc.) known as aggregates 
into a rock-like mass as the paste hardens due to the 
formation of new compounds through chemical action 


between the original compounds of the cement and the 
water. In simple terms, concrete is a mass of aggregates 
held together by a hardened paste of poitland cement 
and water. 

Raw Materials — Based on the 1949 “Minerals Year- 
book” published by the Bureau of Mines, approximately 
68,621,000 tons of raw materials (exclusive of fuels and 
explosives) entered into the manufacture of 209,727,417 
barrels of portland cement in the United States in that 
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year. This is an average of about 654 lb. of raw materials 
for each barrel of finished portland cement weighing 
376 lb. Loss of weight is caused by the process of calcina- 
tion in which moisture, carbon dioxide and other gases 
are driven off in the kilns. Materials are chiefly high- 
calcium limestone, clay or shale, argillaceous limestone, 
blast-furnace slag and marl. Totals were: 


Raw Material Short Tons 

Cement rock (argillaceous limestone) 12,628,494 

Limestone and oyster shells 44,968,739 

Marl 722,606 

Clay and shale 6,698,408 

Blast-furnace slag 847,375 

Gypsum 1,543,198 

Sand and sandstone 724,624 

Iron -bearing materials 346,542 

Other materials such as: 


diatomite, fluorspar, pumicite, flue dust, 
pitch, red mud and rock, hydrated lime, 
tufa, cinders, calcium chloride, sludge, 
grinding aids, and air-entraining com- 
pounds 140,999 

Total 68,620,985 

Also according to the Bureau of Mines, the following 
quantities of fuel were used by the portland cement in- 
dustry in the United States and its territories in 1949 
(for all cement-mill fuel consumption including the 
process of burning in the kilns, independent power pro- 
duction and other uses) : 

Coal (tons) 7,987,560 

Oil (gallons) 192,637,116 

Gas (cubic feet) 84,689,284,000 

Based on figures from this same source relating to ce- 
ment production and fuel consumption in those plants 
that use only one fuel exclusively, the following amounts 
of fuel were required to produce one barrel of cement: 

Coal 115.11b, 

Oil 8.44 gal. 

Natural gas 1,519 cu, ft. 

Dry and Wet Processes — There are two processes 
which may be used to make portland cement (Figure 
7 — 2). These are called the “dry” and the “wet” methods. 
In the dry process, after the crushed raw materials are 
taken from storage, dried and blended in the proper 
proportions, the mixture is fed into huge rotating ball 
mills or impact mills of various types for preliminary 
grinding. The ball mills get their name from the hun- 
dreds of large steel balls inside them which are carried 
on ribs up one side of the rotating mill and cascaded 
down onto the material being ground. 

The mixture then goes to a tube mill, which is similar 
to the ball mill except that the material is more finely 
ground by 40 to 50 tons of smaller steel balls. Some 
plants use combination ball-and-tube mills, called com- 
partment mills. Motors up to 1,000 horsepower arc re- 
quired to operate them. Grinding is frequently done in 
circuit with air separators which remove the fine mate- 
rial from the mill discharge and return the coarse ma- 
terial for further grinding, effecting economies in grind- 
ing. 

After the dry raw material is ground, it is carried to 
storage. Samples are analyzed for chemical content to in- 
sure imiform quality. Accurately proportioned amounts 
of the dry raw material are then ready to go to the kilns 
for burning. 

The wet process is very much like the dry except that, 
at the ball mill, water is added and the material is groimd 
wet to give it a thick, creamy, soup-like texture. The 


cement makers call this slurry. Sometimes, this wet 
grinding is done in closed circuit with classifiers to re- 
move finished fine material as fast as produced and re- 
turn the coarse material for additional grinding. In this 
case, the finished slurry has a very high water content 
which is reduced in large thickeners before using the 
slurry as kiln feed. 

The slurry is then pumped into tanks where it is tested 
and blended to the desired chemical composition. From 
the blending tanks, the slurry xs pumped to large storage 
tanks to be held until needed for burning. 

The Burning (Calcining) Operation— The prepared 
and blended mixture of raw materials is fed into rotary 
kilns, where the mixture is calcined or burned to what 
is known as cement clinker. Briefly described, a rotary 
kiln is a nearly horizontal steel cylinder, lined with suit- 
able refractory brick and 6 to 12 feet in diameter and 
from 60 to 500 feet in length. Such kilns are continuous 
in operation. The raw material is fed continuously into 
the higher end of the long, inclined cylinder which 
rotates continuously at a rate of about one revolution 
per minute. By reason of the inclined position of the 
kiln and its rotary motion, the charge moves gradually 
and continuously toward the lower end of the kiln where 
it is discharged. 

Heat for calcining the charge is supplied by combus- 
tion equipment that fires axially into the kiln at the dis- 
charge end. The direction of flame travel, therefore, is 
opposite to the direction of progress of the charge, and 
the charge is heated hotter and hotter as it travels toward 
the firing end. Pulverized coal, natural gas, or fuel oil 
is used as fuel. A temperature of 2800® F is attained in 
the hottest zone at the discharge end of the kiln. The 
heat serves two purposes: (1) to cause the desired 
chemical changes to take place in the raw mixture, and 
(2) to form clinker by fusing the transformed materials 
into small masses about the size of marbles. 

The clinker resulting from the burning of the raw ma- 
terial in this way is then cooled and pulverized in equip- 
ment similar to that u.sed for dry raw material grinding, 
together with a small amount of gypsum added to 
regulate the setting time, and becomes the portland 
cement of commerce. 

A barrel of cement weighs 376 pounds net and equals 
four sacks of 94 poimds each. Each sack contains ap- 
proximately one cubic foot. Cement has been shipped in 
cloth sacks or paper bags, in bulk on large jobs, and for 
export in wooden barrels or paper-lined cloth sacks. 
Today, nearly all cement is shipped in bulk or in paper 
sacks. 



Chapter 8 ' 
REFRACTORIES 


SECTION 1 

CLASSIFICATION OF REFRACTORIES 


Refractories are the chief materials used in the steel 
industry in the construction of all furnaces and in the 
lining of retaining vessels, as well as in the flues or 
stacks through which hot gases are conducted. At the 
risk of over-simplification, they may, therefore, be said 
to be materials of construction exposed to temperatures 
above a dull red. This material is expensive, and any 
abrupt failure in the refractories results in a great loss 
of time, equipment and product. Therefore, the problems 
of obtaining refractories suitable for each branch of the 
industry and a refractory best suited to each specific 
purpose are of supreme importance. Economics figure 
largely in the solution of these problems, as a refractory 
best suited for an application is not necessarily the long- 
est lived, but the one which provides the best balance 
between initial installed cost and service performance. 
These balances are never fixed, but are constantly shift- 
ing as a result of the introduction of new processes or 
ngw types of refractories. History reveals that refractory 
developments have occurred largely as the result of the 
pressure for improvement caused by the persistent 
search for superior metallurgical processes. The rapidity 
with which those ever-recurring refractory problems 
have been solved has been a large factor in the rate of 
advancement of the iron and steel industry. To discuss 
the many factors involved in these problems and to 
provide information helpful to their solution are the ob- 
jects of this chapter. 

Refractories may be classified in a number of ways, no 
one of which is completely satisfactory. From the chem- 
ical standpoint, refractory substances, in common with 
matter in general, are of three classes; namely, acid, 
basic, and amphoteric or neutral. Theoretically, acid 
refractories should not be used in contact with basic 
slags, gases or fumes, while basic refractories should be 
exposed to no other conditions. Actually, for various 
reasons, these rules are continually violated. Also, with 
the possible exception of carbon, the existence of a 
strictly neutral refractory may be doubted. Hence, the 
time-honored chemical cla.ssification is primarily aca- 
demic, and of little value as a guide to actual service 
possibilities. Classifications by use, such as blast-furnace 
refractories or open-hearth refractories are generally 
too broad and are constantly subject to revision. Min- 
eralogically, refractories may be classified two ways; 
namely, with reference to tlie raw materials, and with 
reference to the minerals predominating after process- 
ing for use. For the present purpose, the following raw- 
materials classification is believed to offer the best pos- 
sibilities for a clear understanding of the origin and 
nature of steel-plant refractories. 

A. SILICEOUS GROUP 

Quartzite — Quartzite or ganister is the most commonly 
used, and the purest, of the siliceous raw materials. 
Massive rock forms analyzing over 98 per cent SiOt are 


the chief raw materials for silica-brick manufacture, 
and are mined in Pennsylvania (Medina quartzite), Wis- 
consin (Baraboo quartzite), Alabama, Utah and Cali- 
fornia. Pure quartz pebbles are sometimes found loosely 
bonded by a matrix of fine silica and mica as a natural 
rock known as a conglomerate. The Sharon conglomer- 
ate in Ohio is of this type and is being increasingly 
used for silica-brick manufacture, as the impurities may 
be readily removed by washing. In recent years, it has 
been clearly demonstrated that the total ALOa and alkali 
content of silica brick must be kept under one per cent 
for satisfactory performance in open-hearth roofs, and 
preference is being given to even purer brick containing 
less than 0.5 per cent total impurities. For this reason, 
much care is taken to select and wash all silica raw 
materials used in producing open-hearth roof brick. 

Sandstone — Sandstone, or firestone, is a sedimentary 
rock consisting essentially of bonded sand grains, and 
usually analyzing 90 to 9.3 per cent SiO^*, 3 to 5 per cent 
ALO*. and some iron oxide and lime. It is relatively soft 
and often striated, thus permitting easy cutting or split- 
ting into blocks or shapes for use in the raw state for 
lining soaking pits or acid Bessemer converters. 

Mica Schist — Mica schist is a highly laminated mica- 
ceous silica rock of composition similar to sandstone, 
but generally slightly lower in silica. Like sandstone it 
is readily cut and is also used in the raw state for hot 
metal ladle and mixer linings in addition to linings for 
soaking pits and converters. 

Siliceous Fireclays — While the term siliceous fireclays 
might properly refer to clays having a rather wide range 
in silica content, reference here is to those clays with a 
minimum of 75 per cent SiOa which are employed in the 
manufacture of semi-silica brick, and are characterized 
by a very low percentage of impurities such as alkalies, 
alkaline earths and iron oxides. Somewhat less sili- 
ceous and often more impure clays are also widely used 
for mortars and daubing purposes with siliceous lin- 
ings. 

B. FIRECLAY GROUP 

Chemically, clays are all hydrous silicates of alumina 
and occur widely distributed. They are identified as 
being plastic when in a wet and finely divided state (as 
by pulverizing, wetting, and mixing), rigid when dried, 
and vitreous when heated to a sufficiently high tempera- 
ture. Clays may be residual or sedimentary, and have 
been formed by the natural decomposition or weather- 
ing of fcldspathic rock. Ordinary varieties contain high 
percentages of combined water and impurities that ren- 
der them unfit for use as high-temperature refractories. 
Impurities include alkalies, titania, compounds of iron, 
calcium and magnesium, and organic matter from vari- 
ous sources. Even in small quantities the alkalies, and 
the compounds of iron, calcium and magnesium are im- 
portant fluxes and have a pronounced effect on the 
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refractory properties of the clay. The species used as 
a refractory is known as fireclay. Fireclays are of 
sedimentary origin, are usually associated with coal 
measures, and contain limited percentages of fluxing 
impurities. There are several varieties, namely: 

Plastic Fireclay — fireclay of sufficient natural plas- 
ticity to bond nonplastic materials. 

Flint Fireclay — A hard or flint-like fireclay occurring 
as an unstratified massive rock, practically devoid of 
natural plasticity and showing a conchoidal fracture. 

Nodular Fireclay— Also called hurley or hurley Hint 
clay, nodular fireclay occurs in the form of a rock con- 
taining aluminous or ferruginous nodules, or both, 
bonded by fireclay. 

Kaolins — While not fireclays, certain kaolins are 
highly refractory and are sometimes employed in the 
manufacture of fire brick. Kaolins are both sedimentary 
and residual, and quite pure, generally closely ap- 
proaching the theoretical clay composition represented 
by the formula AlitOB*2SiOfl*2HjiO. 

C. HIGH-ALUMINA GROUP 

This group includes those materials capable of serving 
for the production of refractories of higher alumina con- 
tent than the maximum that can be provided by fire- 
clays, namely, more than 47.5 per cent AlaOa. Occurring 
naturally are two classes of minerals, those which are 
combinations of ALOa and HaO, typified by bauxite and 
diaspora, and those which are combinations of AbO* and 
Si 02 , typified by sillimanite, andalusite and kyanite. 

Bauxite and Diasporc — Bauxite is a high alumina rock 
composed of AlaOg-SHaO and AbOa lLO, found in Ar- 
kansas and South America. It is less used for refrac- 
tories than diaspora, AbO* • ILO, although its use is now 
increasing as supplies of diaspore diminish. Diaspora 
is found chiefly in Missouri where it occiirs in lenses 
or pockets chiefly as diaspore clay, a rock consisting 
essentially of diaspore bonded by fireclay. The best 
grades, upon calcination yield a product containing be- 
tween 70 and 80 per cent AlaO», Impurities include iron 
oxides and titania. 

Sillimanite, Andalusite, and Kyanite (Cyanite) — 
These minerals all have the formula AbOa SiO* and 
contain theoretically 62.9 per cent Al20a and 37.1 per 
cent SiOs. On heating, all form mullite (3 AlaOs*2 SiO*) 
and a siliceous glass, but differ in the ease with which 
this decomposition takes place, kyanite being easiest to 
convert (about 2415 " F) and sillimanite the hardest 
(about 2785 ®F). Indian kyanite is most desir- 
able for high-alumina refractories, although South 
African and domestic kyanites are now being used, 
sometimes blended with the Indian kyanite. Brick made 
from these materials, usually referred to as sillimanite 
or mullite brick, are generally superior in high- 
temperature volume stability and spalling resistance to 
other types of high-alumina brick. 

Fused alumina, an electric-furnace product, is fre- 
quently used as an addition in high-alumina refrac- 
tories. 

D. MAGNESIUM-SILICATE GROUP 

This group includes the olivines and serpentines. 
Olivines have the general formula 2 RO SiOs, in which 
the RO may be MgO, CaO, FeO, or MnO. The most com- 
mon refractory olivine is a mixture of forsterite (2 MgO* 
SiO«) and fayalite (2 FeO SiOs), and is found primarily 
in North Carolina. Serpentines are hydrous magnesium 
silicates of the general formula 3 MgO*2 SiOt*2 HsO. 
Forsterite is the most desirable magnesium silicate for 
refractories, and is generally the end product aimed for 
in employing these minerals. 


E. MAGNESIA-LIME GROUP 

In this group have been classed all natural and syn- 
thetic magnesites, brucite, and dolomite. These consti- 
tute the most important group of refractories for basic 
steelmaking processes, as all are sources of magnesia, 
MgO, the best basic refractory known. 

Natural magnesite, MgCO. is rarely found in a pure 
state, but contains varying percentages of silica, alu- 
mina, iron oxides and lime, so that on calcination the 
MgO content generally ranges from 80 to 85 per cent. 
Silica is the most objectionable impurity and varies from 
4 to 10 per cent. Formerly, much magnesite was im- 
ported from Austria, but for several years, the steel 
industry has relied almost exclusively on sources in the 
state of Washington and in Canada. 

Magnesia is derived S 5 mthetically from sea water 
brines, well brines, dolomite and brucite, or processes 
combining brines and dolomite. The production of mag- 
nesia or, more popularly, sea-water magnesite by these 
means has increased rapidly in recent years, and this 
material is now used extensively in the manufacture 
of basic brick and granular refractories. 

Brucite is a hydrate of magnesia found chiefly in 
Nevada and is used largely in conjunction with dolomite 
in the manufacture of granular refractories. 

Dolomite is a double carbonate (CaCO** MgCO*), which 
calcines, evolving 47.8 per cent as CO* leaving 30.4 per 
cent CaO and 21.7 percent MgO. Principal impurities are 
silica and alumina, but large deposits are found in sev- 
eral localities such as Illinois and Ohio, which closely 
approach the theoretical composition. Thus, for best re- 
fractory service, a dolomite should contain more than 21 
per cent MgO, less than 1 per cent SiO* and less than 
0.5 per cent AhO* in a crude state. From the standpoint 
of consumption, dolomite exceeds all other refractories, 
as in cither the raw, calcined, or dead- burned state *, it 
is the chief mairistay in open-hearth-bottom mainte- 
nance. 

F. CHROMITE GROUP 

Chrome ores in general consist of a highly refractory 
spinel (RO RaO.) composed of FeO, MgO, AlaO* and 
CraOs in various proportions, and less refractory asso- 
ciated silicates. Chrome ores of widely different compo- 
sitions are suitable for refractory purposes, the chief 
limitations being lime, iron oxide, and silica. Most of 
the suitable refractory grades are obtained from the 
Philippines, Cuba, India, Russia, South Africa, Greece, 
and Turkey. 

Chrome ore is used either alone or in various combi- 
nations with magnesia in brick manufacture, and as a 
granular or plastic refractory for a number of purposes. 

G. CARBON GROUP 

This group includes natural and artificial graphites, 
and various types of coal, coke, and tar. 

Graphite deposits occur widely distributed, both in 
this country and abroad. It is often mixed with cal- 
careous or siliceous rock and requires expensive purifi- 
cation. Flake graphite, as found in Ceylon, is preferred 
for crucible and stopper-head manufacture, in which 
the graphite is bonded with high percentages of clay. 
The amorphous graphites found in Mexico are some- 
times used to enhance the slag-resistant properties of 
plastic-clay refractories. 

Baking of molded coke and tar or coke and pitch mix- 
tures will produce artificial graphite or carbon shapes, 
although much higher temperatures are required for 

• See Section 2B, Granular Refractories— Fired Products 

for explanation of terms **calclned** and “dead burned.’* 
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ffraohitization. Carbon is used extensively as a refrac- more than the operation of mining, to highly complex 
?orv and may be made from foundry coke, petroleum grinding, screening, molding, and firing procedures de- 
Lke or anthracite coal, bonded with pitch or tar of low manding precise control throughout. Hence their prepa- 
moisture content. Such refractories are being used in- raUon will be discussed according to their use in the 
^easingly for blast furnace refractories and other appli- massive, granular, or finely-divided form, and accord- 
Ltions where reducing atmospheres prevail. ing to whe&er these forms are in the raw, fired, or 

chemicaDy-bonded state. 

PREPARATION OF REFRACTORIES The chemical compositions of the various types of 

Steel-plant refractories are used in a wide variety of refractories discussed above are given in Table 8—1 on 
forms, the preparation of which may vary from little Page 182. 

SECTION 2 

A. MASSIVE REFRACTORIES 


Raw State— Sandstone and mica schist are invariably 
used in the form of large blocks sawed or split from the 
raw rock, and further shaped as needed on the job. To 
minimize spalling from heat, these blocks are laid flat, 
with laminated edges exposed to the heat. Chrome ore 
and olivine have been similarly used for open-hearth 
bridge walls, but their use in block form has practically 
ceased. A siliceous insulating brick, accurately cut to 
standard brick size from natural diatomaceous earth, 
is sometimes used to back up fireclay-brick walls. Such 
brick have superior insulating value as compared with 
brick made from the same material by convention^ 
methods, although that property will be greater with 
heat flow normal to the laminations. 

Burned Products — Fired brick and shapes of all types 
of refractories constitute the bulk of refractories used 
in the massive form. The processes by which these brick 
and shapes are produced are basically similar although, 
as might be expected, the nature of the raw materials 
and the wide variety of properties desired in the final 
products have caused the adoption of a number of varia- 
tions in these processes. ^ 

The first step is the mining of raw materials. Mining 
methods depend upon the location, size, and uniformity 
of the deposit. For the most part, deposits are under- 
ground, and mining methods are similar to those em- 
ployed in the various types of underground mining and 
quarrying. However, large uniform deposits, such as are 
characteristic of some plastic clays and dolomites, ai^ 
worked more economically by the open-pit method, 
even though this may involve stripping of many feet of 
overburden. More exacting refractory requirements and 
diminution of established sources of some materials are 
constantly forcing changes in methods of mining. For 
example, the quarrying of flow ganister on mountain 
sides for use in silica-brick manufacture is graduaUy 
giving way to the mining of ledge rock in some localiUes 
in Pennsylvania. 

Following the mining, some punfying operations may 
be necessary. At present, these may be merely visual 
selection, weathering to remove soluble salts, or only 
a simple washing operation as employed with some flint 
clays and increasingly so with some quartzites. How- 
ever, the recent employment of a flotation process for 
removal of lime and dolomite impurities from natural 
domestic magnesites Is indicative of the trend toward 
raw-material beneficiation. 

The future will likely see the adoption of ^ore ore- 
dressing practices by the refractory industry, altoough 
careful study will be required to determine which pro- 
cedures are applicable and can be justified with each 

material. . _ 

The next step is one of crushing, grmdmg, screening, 
and mixing. These are important operations, as, xn lar^ 
measure, they control the density, porosity, strength, 


spalling resistance, and thermal characteristics of the 
brick, although there are no general rule.s for their 
control. The fineness of the grinding must be varied for 
different raw materials and different mixes, and with a 
given material the grinding to obtain a certain effect 
depends upon equipment available for subsequent oper- 
ations. Formerly, no screening was done, but by 1930 
it was being used as a means of controlling tl\e particle 
size which, in turn, is one of the means of controlling 
the significant properties of porosity and bulk density 
of brick, and led to the important developments of 
super-duty fireclay brick and vastly-improved basic 
brick. Mixing may consist of adding fines to coarse ma- 
terial of the same kind to control the grain or particle 
size, or of adding one material to another; for example, 
lime to quartzite and plastic clay to flint clay to act as 
binders; burned clay or refractory to a plastic mix to 
control shrinkage; or magnesite to olivine, magnesite to 
chrome ore, bauxite to clay to change the composition 
and character of the brick. 

Forming operations may be carried out by hand mold- 
ing, extrusion, extrusion and pressing, dry pressing, 
drop molding, and pneumatic ramming. In 1905, all brick 
were formed by hand. The moist mix (15 to 20 per cent 
moisture) was tamped into forms set on pallets, the 
forms were removed, the pallet set upon a “hot floor to 
“temper" and the tempered brick were repressed in a 
hand-operated press, thoroughly dried and then fired in 
a rectangular or round down-draft periodic kiln. By 
1913, however, a goodly percentage of the brick was be- 
ing formed by machine. 

In the stiff-mud process, the wet clay mix, after 
tempering with 12 to 15 per cent moisture in a pug mill, 
is extruded through a die by a power-driven auger or 
plunger, and the column is cut with taut wires into the 
sizes desired. This may be the final processing before 
drying and firing, or the shapes may be given a final 
shaping and branding in a repress machine. This process 
is used almost exclusively for fireclay products. 

A more universal forming method is power preying 
or dry pressing. In this process, the refractory is thor- 
oughly mixed with from 3 to 8 per cent moisture, and 
this relatively dry mixture is fed to steam-, electric-, 
or hydraulic-powered presses, where measured quanti- 
ties are pressed in shape under pressures varying from 
1,000 to 10,000 pounds per square inch. Dry-press prod- 
ucts are generally more true to shape and rnore urn- 
form in size than stiff-mud products. The density of the 
dry-press products may be greater or less, depending 
on the degree of particle-sizing control exercised and 
the pressure employed, but the cold stren^ is gener- 
ally less than that of stiff-mud brick. Obviously, 
pressing lends itself to a wider range of refractories 
than extrusion processes, and fireclay, siUca, and all 
types of basic brick are frequently made in this manner. 
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A measure employed to improve the bulk density of 
brick with either of the foregoing processes is deairing. 
In the stiff-mud process, the auger chamber is evacu- 
ated. While the effectiveness varies with different clays, 
remarkable improvements in the properties of the clay 
column and the final product are often effected by this 
means. During pressing in the dry-press process, the 
mold box is evacuated of air through small holes in the 
pre.ssing pads. 

Drop molding is a process exclusive to the manufac- 
ture of silica brick, as the prepared mix has little or no 
plasticity. In this operation, the wet mixture of crushed 
ganister and about 2 per cent lime is elevated by bucket 
conveyor and dropped from a height of 15 to 20 feet into 
multiple molds below resting on pallets. The mold is 
struck off and removed, and the brick placed on dryer 
cars while still on pallets. Organic binders are often used 
to enhance the weak green strength of silica brick and 
thus minimize breakage. 

Many large or special shapes of superior refractories 
which cannot be pre.ssed in the usual way are produced 
by pneumatic ramming in steel molds or by special 
vibrating devices. The mix employed is very low in 
moisture and very carefully sized, as the aim is generally 
to obtain high density. The mix is fed in slowly and xini- 
formly during ramming. 

Refractories are burned or fired in either periodic 
kilns of the round down -draft or rectangular type, or in 
tunnel kilns. In periodic firing, the dried green brick 
are set in the kiln, the kiln is gradually brought to the 
required temperature, held for varying periods, cooled 
and drawn. This cycle will vary from about two to four 
weeks, with a production of about 25,000 to over 50,000 
nine-inch equivalent, (cubical content of a standard 
9 X 4V^ X 2 V 2 -inch brick), per cycle. In tunnel -kiln fir- 
ing, the green brick loaded on small cars are passed 
slowly through a long tunnel-shaped brick structure in 
a direction counter to the flow of gases, whereby they 
pass progressively through the pre-heating, firing, and 
cooling zones, generally taking 3 to 5 days for the trip. 
Temperature of firing is important, because both the 
quality and properties of the brick may be affected. By 
maintaining an oxidizing or a reducing atmosphere, the 
subsequent behavior of most brick car. be changed, and 
by controlling the rate of heating and the firing temper- 
ature, changes in the crystalline structure can be ef- 
fected, which, in turn, may affect the service perform- 
ance of the brick. In general, the objects in firing are: 
(a) to drive off hygroscopic and combined water; (b) to 
bring about desired chemical changes — drive off CO* 
and oxidize iron and sulphur compounds, organic mat- 
ter, etc.; (c) to effect transformations of the mineral con- 
stituents and convert them to most desirable stable 
forms; and (d) to effect necessary combinations and 
vitrification of bonding agents. 

By otlier developments in technique of manufacture, 
the porosity of fireclay and silica brick can be greatly 
increased, making the brick good insulators and con- 
siderably lighter in weight. Hence, they are designated 
as lightweight or insulating brick. Processes for making 
these brick aim for high porosity, preferably with fine 
pore structure. This is accomplished by mixing a bulky 
combustible substance, like sawdust or ground cork, or 
a volatile solid, such as naphthalene, with the wet batch, 
by forcing air into the wet plastic mass, or by mixing 
into the batch reagents which will react chemically to 
form a gas and a product not injurious to the brick. 

Carbon refractories, as sometimes used in blast- 
furnace linings, are truly massive refractories, com- 
monly being \ised in blocks 22 inches by 30 inches in 
cross section, up to 15 feet in length, and exceeding 6000 


pounds in weight. As previously mentioned, these blocks 
are made of calcined anthracite coal and/or low-ash 
coke with a tar bond, and are formed by extrusion, after 
which they are baked in coke at a temperature of ap- 
proximately 1800 " F for long periods, seven weeks 
sometimes being required to complete a cycle. Smaller 
shapes and brick of standard size are likewise made and 
are replacing the larger blocks in many blast-furnace 
wall installations. 

Chemically Bonded Products (Basic Brick) — Since 
their introduction about 1923, the manufacture of 
chemically-bonded basic brick has steadily increased, 
until today unburned basic brick constitute approxi- 
mately one-half of the total basic-brick production. In 
this process, a suitable chemical-bonding material is 
mixed with the raw materials and the brick are formed 
under pressures sometimes exceeding 10,000 pounds 
per square inch. Careful sizing of the raw materials and 
thorough mixing to insure uniform distribution of the 
bond are necessary. If the brick are to be metal encased, 
this process permits the pressing of the steel jacket onto 
the brick during the actual forming operation. After 
forming, all that is neces.sary is a thorough drying out 
at less than 500 “ F to develop maximum cold strength, 
which often exceeds that of burned basic brick. 

Refractory Concrete Products — Refractory concrete is 
made of sized refractory aggregates, such as calcined 
flint clay, crushed fireclay brick bats, chrome ore, oli- 
vine, or magnesite, and a hydraulic bond, usually cal- 
cium aluminate cement. Aggregate-cement ratios may 
vary from 4 to 1 to 10 to 1. Calcium aluminate cements 
are employed because of their rapid setting and, more 
important, their ability to retain their water of hydra- 
tion, and hence their bonding power, to considerably 
higher temperatures than Portland cement. Besides the 
use of such concretes for pouring refractory structures 
in place, they are often used to cast special shapes, such 
as burner blocks, on the job. 

Electrocast Products — The electrocast process consists 
of mixing raw materials of high purity in proper propor- 
tions, heating them to complete fusion in an electric fur- 
nace, and casting in forms, very much as liquid iron or 
steel is cast. By 1935, many refractory bodies, consisting 
essentially of fused mullite, had been produced. Since 
that time, other products, consisting of various combina- 
tions of chrome, magnesia, alumina, and zirconia have 
also been produced. Advantages of the process are al- 
most complete lack of voids, a narrow range of melting, 
and better control of chemical properties. 

B. GRANULAR REFRACTORIES 

Raw State — The chief refractories used in the raw 
state in granular form are clays, chrome ore, and dolo- 
mite. Clays coarse enough for this classification are 
seldom used without further reduction on the job, blast- 
fumace-taphole clays being the principal application. 
Granular chrome ores are used in open-hearth front- 
wall maintenance as ground, or for reheating- furnace 
hearths and open-hearth doors when plasticized with 
clay and bonded with sodium silicate. Crushed raw 
dolomite is used extensively for open-hearth mainte- 
nance, principally for building up banks, where its con- 
sumption may vary from 10 to as much as 100 pounds 
per ton of steel produced. 

Fired Products — Fired granular products include 
dolomite, magnesite, and other special basic refractories. 
Two types of dolomite are recognized in this category. 
Calcined dolomite, often called single burned, is pro- 
duced in this country by heating the natural rock to a 
temperature somewhat above the decomposition temper- 
ature of the dolomite or generally to about 2000 * F. This 
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product consists of crushed porous granules which are 
very active chemically and tend to slake rapidly upon 
exposure to the atmosphere. Its use is decreasing. Dead- 
burned, or clinkered dolomite is a product made by cal- 
cining or dead-burning dolomite at temperatures of ap- 
proximately 3000 ® F, usually in rotary kilns, using iron 
oxide as a dead -burning agent. The iron oxide forms 
calcium ferrites in the dead-burning operation. This has 
an important function in mineralizing and shrinking the 
refractory in the burning operation cmd in helping to 
coalesce the refractory into a monolithic mass in the 
open-hearth furnace. This is the most satisfactory form 
in which to use dolomite, but as it is also the most ex- 
pensive, it is often used in combination with raw or 
single-burned dolomite. 

Magnesite for making furnace bottoms, for furnace 
maintenance, and for brick making is always used in 
the dead -burned state, produced, like dolomite, by firing 
at high temperatures in rotary kilns. While it is the im- 
portant refractory in making new open-hearth bottoms, 
its consumption per ton of steel, in contrast to dolomite, 
varies from about one to two pounds. 

Special granular refractories are used principally for 
the basic ramming and patching materials which have 
been introduced since 1939. These are carefully-sized, 
chemically- bonded preparations composed of dead- 
burned magnesites or magnesia-dolomite mixtures. The 
latter generally contain a minimum of 60 per cent MgO, 
the balance being so proportioned between lime and 
silica as to form a predominance of dicalcium silicate 
when clinkered in a rotary kiln. To prevent the dusting 
of dicalcium silicate on cooling, it is necessary to pre- 
vent its sudden inversion from the beta to the gamma 
form. This is accomplished by stabilizing with small 
amounts of mineralizers such as CnO*, BaOa and phos- 
phates, or combinations of these. These special ramming 
mixtures are now widely used for open -hearth -bottom 
making, as they are quicker to install, provide more ac- 
curate contours, and generally are more uniform in 
composition, than burned-in magnesite bottoms. 

Another group of special granular refractories is the 
fireclay-base plastic refractories. These consist generally 


of sized mixtures of raw and calcined clays, often con- 
taining sodium silicate or organic bonds, which are 
shipped wet or dry for applications where a rammed 
refractory may substitute for brickwork. Such plastic 
refractories may also be made with super-duty clays, 
kyanite, or other high-alumina materials as additions. 

The refractory concrete products referred to above are 
often made from dry, prepared mixtures called castables. 
As these are sold ready for mixing with water, they 
must be included as granular refractories. 

C. FINELY DIVIDED OR PULVERIZED 
PRODUCTS 

Raw State— Clays for brick laying and various bond- 
ing purposes are about the only refractory used in steel 
mills in the raw, finely-divided state. However, large 
tonnages of such clays covering a considerable range in 
refractoriness are employed. 

Processed Products — These include the various heat- 
setting and air-setting cements and mortars. They are 
produced for laying every type of brick, and, hence, may 
have as many different base materials, the principal ones 
for steel-plant use being silica, fireclay, chrome, and 
magnesite. Silica cement, or silica fireclay, is usually 
made of finely-ground quartzite or sand to which is 
added about 10 per cent plastic clay and possibly an 
organic binder, although in a few superior grades, the 
undesirable introduction of alumina from the clay is 
avoided by using dolomite or lime bonds with other 
additions to provide the necessary workability for brick 
laying. Fireclay cements differ from plastic fireclay re- 
fractories chiefly in respect to fineness, as they also con- 
sist of mixtures of raw and calcined clays. The heat- 
setting varieties rely on vitrification for bonding, while 
the air-selting types usually contain liquid or dry 
sodium silicate and, hence, may be shipped wet or dry. 
Chrome and magnesite cements may contain small clay 
additions for workability, and like fireclay cements, may 
also contain sodium silicate or organic binders. All pre- 
pared cements generally are ground to completely pass 
a SO-mesh screen with substantial percentages passing 
a 100-mesh screen. 


SECTION 3 

PHYSICAL AND CHEMICAL CHARACTERISTICS OF REFRACTORIES 
AND THEIR APPLICATION TO MEET SERVICE CONDITIONS 


The foregoing discussions have indicated that a wide 
variety of refractories, possessing nearly every extreme 
in characteristics normally used to differentiate between 
materials, have found a place among the requirements 
of steel-plant processes. Obviously, these requirements 
must be equally diversified. Analysis of service condi- 
tions in general shows that refractories are required to 
withstand: 

(1) All ranges of temperature up to 3200 * F. 

(2) Sudden changes in temperature — “thermal shock,” 

(3) Stresses — mainly compressive, at both high and 
low temperatures. 

(4) The action of slags, ranging from acid to basic in 
character. 

(5) The action of molten metals, always at high tem- 
peratures and capable of exerting great pressures 
and buoyant forces. 

(6) The action of gases, including SOa, CO, Cl, CH*, 
HaO, and volatile oxides and salts of metals, even 
volatile metals. All are capable of penetrating and 
reacting with the brick. SOi may react with oxides 


In the brick to form easily-fused salts. CO, pene- 
trating fireclay brick, breaks down to C and COa 
in the presence of iron carbides, the carbon being 
deposited in the brick and causing its disintegra- 
tion. Zinc in the vapor phase has a similar effect. 
At relatively low temperatures, steam and water 
vapor exert a slaking effect on dolomite and mag- 
nesite refractories. And nearly all refractories are 
apt to be subjected to, and adversely affected by, 
volatile iron and alkalies. 

(7) The action of dust in gases, which may be fluxing 
or non-fluxing, and acid or basic. 

(8) Impact and abrasive forces at both high and low 
temperatures, as those in the stack of a blast 
furnace. 

At the same time a refractory is being subjected to one 
or more of the above conditions, it may be required to 
function as a storehouse for heat, as in checkers; as a 
conductor of heat, as in the walls of coking chambers; 
or as an insulator. 

With such an array of service requirements it would 
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Fig. 8—1. Pyrometric cone equivalent (P.C.E.) of various 
refractories. 


be extremely helpful to have ways of predetermining 
the suitability of a refractory for a given application. 
However, it is difficult, or in many cases, impossible, to 
duplicate these widely variable service conditions in the 
laboratory. Even were this not the case, time and cost 
are effective barriers to the development of practical 
tests which will provide information necessary for posi- 
tive selection of the proper refractory. Therefore, the 
standard tests which have been devised, generally 
within these limitations, primarily provide gages of per- 
formance which, while invaluable for quality control, 
must be judiciously correlated with additional funda- 
mental knowledge of refractory behavior and with serv- 
ice observations before they can be effectively used by 
consumers. In many instances, information is not avail- 
able to satisfactorily bridge the gap in this manner, and 
special tests must be devised. 

Thus, by comparison with other materials of construc- 
tion, refractories appear to suffer in the degree of preci- 
sion with which they can be applied to fill a certain need. 
To appreciate this situation it is necessary to know 
something of the high-temperature behavior of refrac- 
tories and to recognize that this behavior is the end re- 
sult of a complex and inextricable combination of phys- 
ical and chemical factors. Some of these factors are fixed, 
as they constitute the inherent properties of the mate- 
rials employed, or of the products of their reaction with 
other materials in service. Others, mostly physical, may 
be varied within limits to produce certain desired be- 
havior. In their combined effect on the cold and hot 


strength, resistance to spalling, resistance to deforma- 
tion imder hot load, permeability and other measured 
properties, these factors often oppose each other; hence 
a particular refractory may represent one or more com- 
promises, with a sacrifice of excellence in one character- 
istic in order to achieve it in another more important 
for a given application. In the following discussion of 
refractory characteristics, these matters are emphasized 
rather than the details of the tests used in refractory 
evaluation. 

Fusion or Softening Temperature — The fusion of most 
refractory materials is not clear cut, but a more or less 
gradual transition from solid to liquid. The amount of 
liquid that can be tolerated by a refractory and still 
leave it in a serviceable condition is largely governed by 
the viscosity of the liquid and the type of crystallization 
of the solid phases present. For example, fireclay re- 
fractories may develop liquid and actually start to 
soften as low as 1800 * F, but due to the high viscosity of 
the liquid their limiting service temperature may be 
several hundred degrees higher. An arbitrary procedure 
has, therefore, been established for gaging the refrac- 
toriness of such materials, and is called the Pyrometric 
Cone Equivalent, or P.C.E. test, in which the softening 
behavior of small cones of the refractory are compared 
with that of standard pyrometric cones of known time- 
temperature softening behavior. The P.C.E. is reported 
as the number of that standard cone whose tip touches 
the supporting plaque simultaneously witli a cone of the 
refractory being investigated when tested in accordance 
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with the Standard Method of Test for Pyrometric Cone 
Equivalent (A.S.T.M. Designation: C-24). The composi- 
tion of the standard cones and the temperature range 
covered make the P.C.E. test most applicable to alumina- 
silica refractories. Figure 8 — 1 gives the P.C.E. of various 
refractories and the corresponding softening temper- 
atures when heated under the test conditions. It must 
be recognized that the end points of pyrometric cones 
primarily reflect the influence of time and temperature, 
and hence are reproducible only under identical condi- 
tions. A cone used in a kiln fired for a week will soften 
completely at a temperature which would leave it un- 
affected in the short P.C.E. test. Fireclay refractories 
behave similarly, the influence of time being strikingly 
shown in the case of ladle brick. Normally, maximum 
service temperatures of fireclay brick are considerably 
below P.C.E. temperatures, but I 0 W-P.C.E. ladle brick 
are successfully used at temperatures 300 * F above their 
P.C.E. temperatures because the duration of this ex- 
posure is seldom more than an hour at a time. 

It is not particularly disturbing that the P.C.E. test is 
not equally satisfactory for silica and basic brick, as 
other tests provide a far more realistic appraisal of re- 
fractoriness. The melting point of pure silica (3140 ‘F) 
is certainly not impressive when compared to that of 
other materials, and yet silica brick, containing 95 to 98 
per cent SiOa, so far have successfully resisted replace- 
ment by more refractory materials in open-hearth roofs 
attaining temperatures frequently exceeding 3000 * F. 
This is because silica brick approach the sharp melting 
behavior of a pure compound, and, aided by a strong 
crystalline structure, remain rigid to within a few de- 
grees of the temperature of complete fusion. 

On the other hand, the main constituents of basic 
brick (magnesite, chrome, chrome-magnesite and for- 
sterite) all melt at temperatures far above any encoun- 
tered in steel plant service. Periclase (MgO) melts at 
5070 ®F, chrome spinel, (MgO,FeO) * (CrsOsjAlvOijFeaOa), 
above 3600* F, and forsterite (2 MgO SiOs) at 3470° F. 
However, the raw materials for basic brick contain 
other minerals considerably lower in refractoriness 
which can form fluid liquids at temperatures as low as 
2400 * F, and as these materials are the matrix of most 
basic brick, they largely govern the melting behavior 
of the brick as a whole, particularly as the basic miner- 
als lack the strong, interlocking crystalline structure of 
the silica and alumina-silica minerals. Fortunately, 
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these low -refractory minerals are subject to controlr so 
that their detrimental effects can be minimized or even 
eliminated by corrective additions, special firing treat- 
ments, and proper distribution. 

Porosity and Permeability — Unless expensive meas- 
ures are resorted to, all manufactured refractories will 
contain a certain amount of voids, the amount, size, and 
continuity of which have importcuit influences on refrac- 
tory behavior. The apparent porosity indicates the per- 
cent of the total volume which is open pore space, and 
hence is a measure of the area of .surface available for 
reaction with slags and gases. The total porosity is the 
percentage of the total volume which is voids, whether 
open or closed, and thus, depending on the nature of 
the material, method of manufacture and degree of 
bum, may only slightly exceed the apparent porosity or 
be more than twice as great. The effect of porosity on 
various refractory properties will be discussed later, but 
in general, increasing the porosity adversely affects the 
cold strength, resistance to deformation under hot load, 
heat capacity, thermal conductivity and resistance to 
attack by gases and slags. Within limits, increasing 
porosity will improve spalling resistance, but as this can 
also be achieved in brick of low porosity, it is evident 
that as a general rule, far more can be gained in per- 
formance from refractories possessing the lowest pos- 
sible porosity. The porosities typical of various types 
of refractories are given in Table 8 — II. 

Porosity bears but little relation to permeability, which 
is a measure of the rate of diffusion of liquids and gases 
through the refractory, and thus is governed by the size 
and number of connected pores or channels which are 
continuous from one side of the refractory to the other. 
Permeability to liquids will increase with increasing 
temperature as the viscosities of the liquids will de- 
crease, while just the opposite is true of gases, whose 
viscosities increase at higher temperatures. While per- 
meability is not commonly determined, and no stand- 
ard tests exist in this country, it is undoubtedly impor- 
tant in such applications as blast-furnace linings where 
disintegration frequently occurs as a result of penetra- 
tion by carbon monoxide and subsequent carbon de- 
position within the brick. 

Bulk Density and True Specific Gravity— Like poros- 
ity, the bulk density of refractories is used as an indica- 
tion of the voids/solids ratio, but is meaningless in this 
sense without reference to the true specific gravity of 


Fig. 8—2, Typical curves 
of linear expansion of 
various types of refrac- 
tories. 
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Table 8—11 Some Typical Physical and Thermal Properties of Refractories 
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the refractoiy. Thus, the bulk density of a chrome brick 
having a true specific gfravity of 4, but a porosity of 25 
per cent is still much greater than that of a dense fireclay 
brick whose porosity is 10 per cent, but whose true spe- 
cific gravity is only 2.6. Bulk density may be expressed 
in a number of ways, those most common being grams 
per cubic centimeter (bulk specific gravity), pounds per 
cubic foot, or ounces per cubic inch. Being thus the mass 
of refractory material in a given volume, an increase in 
tlie bulk density of a given refractory increases the 
strength, volume stability, heat capacity, resistance to 
slag penetration, and generally, resistance to structural 
spalling, or spalling resulting from vitrification caused 
by fluxing with dusts and slags. 

The true specific gravity of a fired refractory may 
differ substantially from that of the raw materials from 
which it is made, owing to conversion of the mineral 
constituents. For example, quartzite with a specific 
gravity of 2.65 converts on heating to cristobalite and 
tridymite with specific gravities, respectively, of 2.32 and 
2.26, so that the resultant specific gravity of fired silica 
brick reflects the degree of conversion, and is a most 
reliable test for adequacy of firing treatment. The con- 
version of kyanite to mullite is another example. Table 
8— II shows typical bulk densities and specific gravities 
of various refractories. 

Thermal Expansion and Volume Changes — From the 
early steps in manufacture throughout their service life, 
refractories are subject to various types of volume 
changes. As these changes may affect product uni- 
formity and service performance they are of concern to 
both manufacturer and user. Most familiar of these 
volume changes is the reversible thermal expansion, or 
dilation that practically all materials exhibit on heating 
and lose on cooling. Figure 8—2 shows typical curves 
of linear expansion for various types of refractories. 
Those which have a uniform expansion rate generally 
present the least difficulties when furnace temperatures 
fluctuate widely, and of tliese, those with the lowest total 
expansion, as a general rule, arc less subject to thermal 
spalling. Such is the case with fireclay refractories. 
Silica brick, as previously mentioned, possess varying 
proportions of the silica minerals cristobalite, tridymite 
and unconverted quartz, depending on the heat treat- 
ment. As each of these silica forms has its own char- 
acteristic expansion with sudden changes accompany- 
ing inversions from low- to high -temperature forms, the 
curve for a silica brick will reflect its mineral composi- 
tion to some extent. However, most of the expansion 
from all sources takes place below 1060 ” F, hence, if 
care is taken in heating and cooling below dull-red heat, 
silica brick behave admirably. In fact, one of the major 
problems in the application of basic brick to open-hearth 
roofs arises from the continuing high-temperature ex- 
pansion of basic brick, which, while uniform, causes a 
“working” of such roofs with temperature changes in 
ranges that have no effect on silica roofs. 

Permanent volume changes may be either expansion 
or contraction. The latter is first encountered in drying 
molded refractories, particularly clay brick, and must 
be accurately controlled to make a uniform product. 
Further shrinkage may take place on firing. Finally, 
if the refractory is used at temperatures above that at 
which it was fired, shrinkage may occur, or it may be 
caused by fluxing with dusts or slags and subsequent 
vitrification. Permanent expansion may also take place 
on firing refractories. Thus silica brick, because of the 
previously indicated decrease in specific gravities of the 
higher-temperature forms of silica, will expand about 
13 per cent on firing. Some fireclay brick may also ex- 
hibit what has been termed secondary expansion on 
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firing or reheating. This has been attributed to an ex- 
foliation of the clay grains, and is to be distinguished 
from the bloating or vesicular structure development 
brought about by gas evolution and expansion in an 
overheated and hence pyro-plastic clay body. While 
generally indicative of misapplication of refractories, 
the latter condition is actually desired in ladle brick as 
it is conducive to the formation of a monolithic, steel- 
tight ladle lining. In service, refractories may also per- 
manently expand. The action of alkalies on fireclay 
refractories to form alkali-alumina silicates with an 
accompanying expansion of about 12 per cent causes 
surface peeling of such refractories, as sometimes ob- 
served in open-hearth and blast-furnace-stove check- 
ers. The expansion or “bursting” of basic brick on ab- 
sorption of iron oxide at high temperatures is another 
example. 

Cold Strength — The mechanical strength of refrac- 
tories. as determined by modulus of rupture or cold 
crushing tests, is generally far more than that required 
to meet any dead loading encountered in construction. 
Nevertheless, we are interested in strength. Refractories 
must be handled a great deal before they are finally put 
in service, and it is naturally desired that they survive 
this handling with a minimum of breakage, abrasion and 
lost comers. Soft- burned clay brick, particularly if dry 
pressed, may be very friable and easily broken but still 
possess a crushing strength above 1000 pounds per 
square inch. As cold strength reflects the heat treat- 
ment a refractory receives in manufacture, and as this 
heat treatment affects porosity, bulk density, refractori- 
ness under load, and abrasion resistance, considerable 
general information on any specific burned refractory 
can be obtained from strength tests with sufficient cor- 
relation. For this reason, cold-strength requirements are 
often used in the specification of refractories. The ranges 
in crushing strength and modulus of rupture for various 
refractories are shown in Table 8 — II. 

Strength and Behavior Under Load at High Temper- 
atures — The cold strength of refractories is governed 
mainly by the amount of glassy bond present, the hot 
strength by the changes brought about in that glassy 
bond by heat. Generally, with increasing temperature, 
the glass gradually becomes a viscous liquid, although 
the initial softening temperature and the temperature 
range of viscous flow may vary widely between differ- 
ent types of refractories. Thus, to different degrees, all 
refractories at some temperature exhibit plastic flow, 
and if subjected to pressure, the subsequent behavior 
will depend on the amount of pressure and the duration 
and rate of its application, on the amount and viscosity 
of the liquid present, and on the crystalline structure of 
the solids. Loaded heavily and rapidly as in normal 
compression testing, all refractories will fail in shear 
until temperatures are reached at which they contain 
so much liquid of such low viscosity that almost instant 
deformation occurs. Under such conditions, the com- 
pressive strength or modulus of rupture may not change 
materially below temperatures of initial liquid forma- 
tion, but will then rapidly decrease. 

Of far more significance, however, is the behavior 
under light, sustained loads comparable to those en- 
countered in service, and numerous tests have been de- 
vised to measure the amount or rate of deformation oc- 
curring under specified conditions of time, temperature 
and stress. While prolonged tests are especially informa- 
tive to the refractory user, all standard tests are of rela- 
tively short duration, although increasing attention is 
being given to the longer tests, particularly those aimed 
at the determination of the almost imperceptible flow 
or **creep” of refractories at temperatures inunediately 
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below and above those of the initial liquid formation. 

Fireclay refractories have the longest softening range 
and are most.susceptible to plastic deformation. Under 
standard test conditions, consisting of heating a 9-inch 
brick on end under a 25-pound per square inch load in 
hours to test temperature (2460 *F for high-duty 
brick; 2640 *F for super-duty) and holding for IMs 
hours, the temperature of initial deformation and the 
total amount of deformation will depend on the flux 
content, the degree of bum, and the porosity. Impurities 
such as lime, magnesia, iron oxides and alkalies, will 
lower the temperature of initial liquid formation and 
the viscosity of that liquid, and hence increase deforma- 
tion. Hard-burned brick will show much better re- 
sistance to load than a soft-burned brick made of the 
same clays, due in part to greater mullite development, 
but primarily due to the fact that harder firing has de- 
veloped a more refractory glassy phase which forms a 
liquid of initially higher viscosity at test temperatures. 
Increasing porosity decreases the ability of a particular 
brick to resist deformation under load, as the voids 
provide opportunity for a brick to compress on itself 
and also decrease the amount of refractory available in 
a given volume to resist pressure. The temperature of 
initial deformation under load will vary widely for a 
given brick with deviations from standard test condi- 
tions. For example, a fireclay brick deforming initially 
at 2250 * F in the standard test might not deform until 
2350 ** F with a lighter load or a faster heating rate, and 
conversely, might deform as low as 2000 “ F with a much 
heavier load or with that temperature maintained for 
several hours. 

The behavior of high-alumina brick imder load is 
similar to that of flreclay brick, although the tempera- 
ture range of plastic deformation will be higher the 
greater the alumina content. 

Due to their strong, interlocking crystallization and 
purity, silica brick show little evidence of plastic de- 
formation under load, remaining rigid under a load of 
25 or even 50 pounds per square inch until tliey fail by 
shear at temperatures varying from 3000 * F to 3100 ** F. 
The latter temperature, however, is attainable only by 
the super-duty types containing a maximum of 0.5 per 
cent of the impurities AhOa, TiOa, and alkalies. Because 
of their strong crystalline structure, silica brick may be 
more than 30 per cent molten at the temperature of fail- 
ure. 

Basic brick, like silica brick, generally fail under hot 
load by shearing, but lacking the intercrystallization 
characteristic of silica minerals, practically all resistance 
to failure resides in the liquid phases present. In chrome 
and magnesite brick, these liquids may be lov/ in refrac- 
toriness and viscosity and failure will occur in the range 
of 2400 * F to 2500 * F. However, with the development 
of a refractory forsteritic matrix, as in burned forsterite 
and chrome-magnesite refractories, failure may not oc- 
cur until 2950 ® F to 3050 F under a load of 25 pounds 
per square inch in a rising temperature test. Unbumed 
basic brick usually fail 100 * F to 200 “ F below the tem- 
peratures of failure of burned brick of the same compo- 
sition. 

A notable exception to the general rule that magnesite 
brick are weak in load-carrying ability, is the recently- 
developed high-purity sea-water-magnesite brick con- 
taining in excess of 96 per cent MgO. Such brick, even 
if unburned, normally will not shear under load, and 
have been found to deform less than 3 per cent at tem- 
peratures in excess of 3300 * F. 

Carbon refractories show little or no loss in strength 
and no deformation under load throughout the range 
of steel-plant temperatures. 


Typical load test data for various refractories are 
shown in Table 8 — II. 

Heat Capacity and Thermal Conductivity— The heat 
capacity of a refractory at a given temperature is a 
function of its bulk density and its specifle heat at that 
temperature. The thermal conductivity is a measure of 
the rate of heat transmission through the refractory. 
Both properties are increased with increasing bulk den- 
sity and hence decreased with increasing porosity. As 
refractories may be used to confine, store, or transmit 
heat, the thermal conductivity desired will vary widely 
with the application. While a wide range in conductivity 
is available in commercial refractories, if the insulating 
types are included, it is not always possible to use that 
refractory whose conductivity is best suited to the job. 
Thus in the majority of cases, it is desired to confine 
heat, but it was previously noted that in a majority of 
cases high bulk density was also desirable from a service 
standpoint. With refractories used for heat storage and 
transmission, such as checker brick, no conflict in prop- 
erties exists, as high density is desired both for stability 
and increased heat storage* and conductivity. 

Typical conductivity curves for general types of re- 
fractories are shown in Figure 8 — 3. It will be noted that 





Fig. 8 — ^3. Typical thermal conductivity curves for general 
types of refractories. 

at the temperatures common to steel-plant operations, 
the differences in conductivity found in these refrac- 
tories at low temperatures are greatly reduced. The ac- 
curacy of these higher-temperature determinations is 
often questionable, although standardization of test 
methods in recent years has greatly improved the repro- 
ducibility of results from different laboratories. How- 
ever, actual heat flow through furnace walls in service 
still may differ considerably from calculations. Thus 
the conductivity will change with the alterations in 
structure and composition of the hot face; the rate at 
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which heat is carried away from the cold face affects 
t)ie flow through the wall; and the gas pressure within 
the furnace has a great effect, not only on the heat flow 
but on refractory life as well, as positive pressures will 
drive heat in, increasing the depth of vitrification and 
fluxing. 

Resistance to Thermal Shock (Spalling)— One of the 
major causes of refractory destruction is spalling, which 
is the breaking away of pieces of refractory from the 
hot face, thus exposing fresh surfaces. Spalling may re- 
sult from too-rapid expansion or contraction of the hot 
face of the refractory with sudden temperature changes, 
called thermal spalling. Spalling also may result from 
changes in the hot face brought about by flux absorption 
or vitrification which set up zones in the brick which 
differ in expansion and sensitivity to thermal shock 
from the original brick, or shrinkage may occur, so that 
pieces separate; this is termed structural spalling. A 
third type, mechanical spalling, may result from me- 
chanical abuse, as in removing slag accumulations from 
refractory surfaces, or may be caused by shifting loads 
and stresses, particularly in arches, so that refractories 
are pinched and crack off. 

The properties of refractories which most influence 
their resistance to spalling are thermal expansion, 
elasticity (ability to yield to stress without rupture), 
and strength. Because of their low thermal expansion, 
fireclay refractories as a class have the best spalling 
resistance, but since the elasticity and strength are 
strongly affected by the degree of burn, particle size and 
porosity, wide variations exist. Thus a soft-burned. 
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coarse-grained, porous brick has higher elasticity and 
lugher thermal-spalling resistance at low temperatures 
thw a hard- burned dense brick, but may be expected to 
fail from structural spalling more readily at high tem- 
perature, due to greater shrinkage and flux absorption. 

Basic refractories have high expansion coefficients 
and vary from very poor to fair in spalling resistance, 
magnesite and chrome being the poorest, and chrome- 
magnesite being the best, particularly if chemically 
bonded. 

As indicated earlier, the spalling resistance of silica 
brick varies from very poor to excellent, depending on 
whether they are subjected to temperature fluctuations 
below or above 1100 ® F, respectively. 

Abrasion Resistance — ^The resistance of refractories to 
abrasion and erosion is primarily a function of the 
strength. As strength is governed by degree of burn, 
some correlation also exists between abrasion loss and 
porosity and bulk density. While no standard hot- 
abrasion test has been adopted, there are some indica- 
tions that the strength-abrasion loss relationship holds 
at higher temperatures, in which case resistance to 
abrasion might not be expected to change appreciably 
below 2000 * F, but to decrease at higher temperatures 
Variations of the standard rattler test for paving brick 
are sometimes used in refractory testing, and more re- 
cently, an accelerated test employing a sand blast has 
been devised. For fireclay refractories, this test indicated 
a rapid decrease in abrasion loss with small increases 
in modulus of rupture to 1700 pounds per square inch, 
with further increases in strength being far less effective. 


SECTION 4 

REACTIONS AT ELEVATED TEMPERATURES 


Discussions of the high-temperature behavior of re- 
fractories thus far have tended to emphasize the in- 
fluence of various physical factors, and have given but 
little indication that behavior also reflects the working 
of immutable laws governing the high -temperature re- 
actions occurring not only within the refractories tliern- 
selves but between refractories and oxides encountered 


in service. Until comparatively recent years, little was 
known of these reactions, and improvements in refrac- 
tory products were slow, as they derived primarily from 
trial and error, and were generally physical in nature. 
Today there are available an ever-increasing number 
of phase- equilibrium diagrams which have proved in- 
valuable guides to the production of superior refractories 


Fic. 8— 4. Phase diagram of 
the Al,0,-SiO, system. 
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and to the correction of service difficulties. An indica- 
tion of the importance of such data is found in the 
studies on the steel-plant refractory-oxide systems be- 
ing earned out at the Pennsylvania State University 
under the sponsorship of the American Iron and Steel 
Institute However, it should be recognized that these 
diagrams are not without limitations in their use to pre- 
dict or explain refractory behavior. For example, the 
various systems have been explored with pure oxides 
and represent equilibrium conditions, while refractories 
arc rarely pure and seldom in equilibrium, either as 
manufactured or in service. Because of this complex 
nature of refractories, information is often needed on 
reactions involving so many oxides that the usefulness 
of systems involving no more than three oxides is mini- 
mized. Finally, and most important, the diagrams give 
no information on such significant matters as viscosity 
of the liquids formed or the rate at which reactions 
proceed. Since it will be shown that under certain con- 
ditions many of the commonly -used refractories ap- 
parently can be liquefied to the point of destruction at 
temperatures encountered in stccl-plant service, we are 
often vitally concerned in the rate at which reactions 
progress toward equilibrium and failure. As excellent 
compilations of diagrams have been published (see refer- 
ences at end of chapter), only a few are reproduced here. 


Figure 8 — 4 shows the AbOr-SiOt system which ap- 
plies to silica, fireclay, and high alumina refractories. 
It will be noted that the lowest temperature at which 
any liquid is developed in the system is 2914 * F, while 
for those compositions more alummous than mullite 
(3 ALOs • 2 SiOa) or above 71.8 per cent AIvOi no liquid 
is developed below 3326 “ F. A eutectic occurs at the 
composition 94.5 per cent SiOi and 5.5 per cent AixO«. It 
is evident that if bonding and other manufacturing diffi- 
culties could be overcome, quite good refractories 
could be made of the pure oxides, even in the high-silica 
range. In fact, the semi -silica type brick containing 
about 80 per cent SiOt represent a practical approach 
to this condition. Such brick, because of their low im- 
purity content, are superior in load-carrying ability to 
many far more aluminous brick having a higher PCE. 
The pronounced effect of the impurities present in most 
commercial refractories in this system can be appre- 
ciated by comparing the temperatures at wliich they 
deform initially under load with the initial liquid tem- 
peratures of 2914 ** F or 3326 “ F indicated m the diagram. 
The oxide impurities largely responsible for lowering 
the refractoriness of fireclay refractories are CaO, MgO, 
FeO, Na:tO, and K:;0, and these are also encountered in 
service. 

Figure 8 — 5 shows the FeO-ALOi-SiOa system. Here 
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we see that with tinlimlted amounts of iron oxide avail- 
able for reaction with any but the purest end members 
of the Al*Ot-SiO* series of refractories, the formation 
of some liquid can be expected even below 2000 ® F, and 
that very damaging amoimts will be formed at the 
higher temperatures common to steel processes. This 
is particularly true as iron-oxide-bearing liquids are 
characteristically very fluid. 

Figure 8 — 6 is the diagram of the CaO-Al*Or-SiO* sys- 
tem, which is most applicable to reactions of fireclay 
refractories with blast-furnace slags, but capable of 
supplying some information on other reactions involving 
refractories, as those occurring with the more complex 
open-hearth slags, or in the bond formed in magnesite 
brick. This system has also been useful in predicting 
behavior of silica brick, which will be discussed later. 

The reactions of alkalies with alumina-silica refrac- 
tories have recently been clarified by the publication of 
both the Na»0-AlaOr-SiOt and the K»0-AlaOr-SiOa sys- 
tems by the Geophysical Laboratory. These systems are 
reproduced in Figures 8—7 and 8—8. It is evident that 
the refractoriness of alumina-silica refractories will be 


seriously affected by very small amounts of NasO, less 
than 1 per cent being sufHcient to lower the temperature 
of initial liquid formation to less than 2000 F, while 
approximately 10 per cent is sufficient to completely 
liquefy the more siliceous alumina-silica compositions 
at 2200 " F, KeO has a similar effect in amounts up to 
10 per cent, but whereas NasO continues to lower the 
melting point with greater additions, the reverse is true 
of K»0 additions in the range of 10 to 20 per cent 

Small percentages of impurities are far more critical 
in silica brick than fireclay brick, and alkalies are the 
worst offender, although fortunately they seldom occur 
in amounts greater than 0.3 per cent. The percentages of 
NaaO, KvO and AhOt required to lower the melting point 
of pure silica from 3140 * F to 3050 * F are, respectively, 
1.4, 1.9 and 3.1 per cent. 

Another very serious fluxing agent for fireclay re- 
fractories is MnO, as can be seen in the diagram of the 
MnG-AltOr-SiOf system in Figure 8—9. It will be noted 
that this system is quite similar to the FeO-AlaOr-SiO* 
system. 

Because the raw materials for silica brick lack both a 
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natural bond and a high melting point, care must be 
taken that the required bonding addition has the mini- 
mum effect on refractoriness. Figure 8 — 10 shows the 
CaO-SiO» system and explains why lime is universally 
used for this purpose. With additions of CaO to SiOt, the 
melting temperature remains unchanged between 1 and 
27.5 per cent CaO, due to the formation of two immis- 
cible liquids. We have already seen that no such phe- 
nomenon occurs in the AbOa^iOi system, and by re- 
ferring again to the Ca0-Al»O»-Si0a system, we find that 
only a small amount of AbO* is required to destroy the 
CaO-SiOa immiscibility. In fact, the effect of minor in- 
crements of AljOa on the liquid development of silica 
brick is such that the temperature of failure under a 
load of 25 pounds per square inch will decrease ap- 
proximately 10 ® F for each 0.1 per cent increase in 
AbOs in the 0.3 to 1.2 per cent range of AlsOg between 
super duty and conventional silica brick. Figure 8 — 11 
of the FeO-SiO* system shows that FeO, like CaO, also 
forms two immiscible liquids when added to SiO*, thus 
greatly increasing the tolerance of silica brick for FeO. 
Furthermore, as with CaO, a small amount of AbOt can 
eliminate this immiscibility. 

As atmospheric conditions in steel-plant furnaces may 
range from highly reducing to highly oxidizing, the 
form of iron oxides present may vary from FeO to FeaO«. 
Accordingly, Figure 8 — 12, showing the system FeO- 
FeaOt-SiOg, as recently determined by Muan in the 
MSI-sponsored studies at Pennsylvania State Univer- 
sity, is of considerable importance. Thus, it is seen that 
the lowest-melting liquids occur from reaction of FeO 
and SiO», and that at temperatures in the range of 2650 * 
to 3030 ® F less liquid, and a less siliceous liquid, will be 
produced with either FegOg or FetOg than with FeO, 


due to the greater extent of the two-liquid region under 
oxidizing conditions. Hence, under oxidizing conditions, 
an open-hearth silica roof will have more tolerance for 
iron oxide, and therefore will be more durable. 

The simple binary system CaO~MgO shown in Figure 
8 — 13 contains a eutectic approximating the composition 
of dead-burned dolomite, but it is evident that the whole 
scries, within itself, is very refractory. However, as no 
binary compound is formed, dead-burned dolomite 
exists as a mixture of the two oxides, each free to act 
more or less independently. From a refractory stand- 
point, MgO behaves admirably, but the far more chem- 
ically active CaO is a decided trouble-maker in two re- 
spects. First, CaO is very reactive with iron oxides, 
forming low-melting calcium ferrites, and hence is 
readily fluxed by high -iron-oxide slags. Second, it im- 
poses a major limitation on dolomitic refractories by its 
tendency to hydrate, regardless of the degree of previous 
heat treatment. Hence, if dolomite is to be used for other 
than a granular hearth-maintenance material, the lime 
must first be stabilized by combination with other ox- 
ides, usually silica, which forms dicalcium silicate. 

It is evident that the refractory value of dolomite re- 
sides largely in the oxide MgO, and this is likewise true 
of the magnesium silicate olivine, and of course, the var- 
ious types of magnesites. The chief characteristic of MgO 
accoimting for its popularity as a refractory for basic 
steel processes is its great tolerance for iron oxide. Fig- 
ure 8 — 14 shows that MgO and FeO form a continuous 
series of solid solutions which are amply refractory even 
when their composition is more than half FeO. This 
situation prevails under reducing conditions. Under 
oxidizing conditions MgO reacts to form magnesio- 
ferrite (MgO'FeaOi) which contains 80 per cent Fe^t 
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Fig, 8—8. The KoO-AlaOj-SiOa system. 


but melts only above 3200 ® F, and is in solid solution 
with MgO with lower percentages of FcaOa. 

However, magnesia-bearing refractories contain other 
oxides, such as CaO and Si02, which are also encoun- 
tered in service; hence reactions occurring in the CaO- 
MgO-SiOa system shown in Figure 8 — 15 are important 
in the manufacture and use of most basic refractories. 
Many compounds, differing widely in refractoriness and 
stability are found in this system, their occurrence in 
refractories being governed largely by the lime-silica 
ratio; their desirability as a refractory constituent being 
governed by the intended service. Thus, aside from peri- 
clase (MgO) three of the most important compounds are 
forsterite (2 MgO SiO*), monticellite (CaO MgO SiO*) 
and dicalcium silicate (2 CaO*SiOa), with melting points 
of 3470 “ F, 2734 * F (incongruent) , and 3865 F, respec- 
tively. Generally, forsterite is the most desired bonding 
constituent in basic brick as it is stable and provides 
ample refractoriness and load-carrying ability. In high- 
magnesia refractories, forsterite is formed when lime is 
absent or the molecular ratio of lime to silica is less 
than 1. If, under these conditions silica is increased at 
the expense of MgO, low-melting liquids form; hence 
silica brick will react in contact with magnesite at about 
2800 * F, and magnesite must be added to some magnesia- 
deficient olivines used in forsterite-brick manufacture 


to assure conversion of the silicates to forsterite on fir- 
ing. With an increase in the lime -silica ratio to 1, the 
less-refractory monticellite is formed; thus lime is a flux 
to forsterite. However, monticellite, within limits, is de- 
sirable in promoting a bond or set in granular open- 
hearth-bottom refractories. With a further increase in 
the lime-silica ratio to 2, the refractory but unstable 
dicalcium silicate will form. When stabilized against 
dusting with small amounts of CraOa, BaO*, or phos- 
phates, the intentional formation of this compound in 
some granular refractories is a convenient means of 
correcting either for excess lime which would hydrate, 
or excess silica which would produce an undesired 
amount of monticellite. 

In general, the susceptibility to fluxing by iron oxides 
in this system increases as MgO is replaced by CaO and 
as FeaOa is replaced by FeO. However, those portions 
of the CaO-MgO-SiOr-FeO, or CaO-MgC)-SiO»-Fe»0. 
systems which involve refractories are receiving further 
study. 

The reactions involved in the manufacture and use of 
chrome-bearing refractories are numerous and complex, 
and are the subject of many continuing investigations. 
The major improvement in such refractories occurred 
about 1930 with the recognition of the fact that combina- 
tions of chrome ore and magnesite in any proportion 
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produced refractories with greater thermal shock re- 
bistance, volume stability, and refractoriness under load 
than did either material alone. Tlie added magnesia con- 
verts the low refractory silicates in chrome ore to for- 
sterite, and also replaces FeO in the chrome spinel, thus 
maintaining the RO-RaOa balance when FeO is oxidized 
to FeaOs, which readily occurs. Of primary interest, 
however, are those reactions occurring in service, par- 
ticularly the growth or disruptive swelling occurring 
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on absorption of iron oxide by the chrome spinel under 
oxidizing conditions. It is not clear that this phenomenon 
is the major cause of the usual process of failure, which 
is characterized by a progressive peeling or flaking away 
of the hot face, as it is known that substantial growth 
can be induced in basic brick by suitable heat treatment 
without additions of iron oxide. 

Further studies arc being made in refractory systems 
involving Cr,0^, MgO, AhO,., SiOa, CaO and iron oxides. 


SECTION 5 

SELECTION AND TESTING OF STEEL-PLANT REFRACTORIES 


The ultimate goal in refractory selection is to achieve 
minimum overall operating costs per ton of steel. How- 
ever, this is the universal endeavor of all phases of steel 
production, in some of which costs may be lowered only 
at the expense of refractories, as by harder driving of 
furnaces to increase the rate of production, or by a 
change to cheaper fuels which may increase refractory 
wear. Careful costs analyses may be required to deter- 
mine which of the conflicting factors can best be sacri- 
ficed for maximum economy. Therefore, the specific aim 
of the refractories engineer is to obtain minimum re- 
fractory costs per ton of steel, but only those obtainable 
under operating conditions dictated by the above con- 
siderations, The successful selection of refractories re- 
quires a knowledge of refractory characteristics, a 
knowledge of service conditions and, based on experi- 
ence, the ability to correlate the two in terms of per- 
formance. The importance of this work is attested by the 
fact that most steel companies now employ ceramic 
engineers and maintain laboratories devoted to quality 
control te.sting and research on refractories. 

Information on refractory characteristics as revealed 
by standard A.S.T.M. tests is readily available from re- 
fractory suppliers or independent laboratories but, as 
indicated earlier, such data are often inadequate and 


even misleading if not used intelligently. However, as 
it is always desired to establish correlations between 
performance in service and the simplest po.ssible labora- 
tory tests, the standard tests are an excellent starling 
point, and, because the range of variation in a given 
property is needed for proper correlation and qualrty 
control, the use of these tests in steel-plant laboratories 
is often the only means of determining such variations. 

Obtaining information on service conditions is most 
important to the proper application of refractories. 
Systematic studies of used linings by chemical analysis, 
petrographic microscope, and various laboratory tests 
have clarified many of the mysteries as to the precise 
mechanism of failure of blast-furnace and open-hearth 
refractories, and have been responsible for some of the 
most significant advances in refractory practice and, also 
very important, in furnace design. 

With information on refractory behavior and service 
conditions much of the guesswork can be eliminated 
from service trials, which of course, provide the final 
answer on refractory suitability. When failures are en- 
countered in such trials they are generally indicative 
of the need for more fundamental refractory research, 
or, as often occurs, of changes in operating conditions 
from those on which the refractory selection was based. 


SECTION 6 

SPECIFIC USES OF REFRACTORIES IN STEEL PLANTS 


Blast Furnaces and Stoves — For many years, blast 
furnaces were lined throughout with high-duty fireclay 
brick and, despite much recent experimentation with 
special grades of fireclay brick, the high-duty type still 
predominates. However, the present high-duty brick, 
reflecting the demands for improved performance sought 
with the use of premium-priced, high-fired, super-duty 
brick, are sub.stantially improved in strength, resistance 
to abrasion and to disintegration by carbon monoxide, 
and in size uniformity, over those produced prior to 
1950. The special, high-fired types of both high-duty 
and super-duty brick are now generally confined to the 
zone immediately below the wearing plates and in the 
bottom, where optimum advantage is taken of their 
superior density and strength, and where their rigidity 
and sensitivity to thermal shock, believed to be a factor 
in their somewhat disappointing behavior in stacks and 
hearth walls, is of small concern. 

After many false starts and much experimentation, 
carbon brick or block prepared from petroleum coke or 
anthracite are now widely used in hearth walls from 
below the tuyeres to the bottom of the cooling staves. 
Carbon layers across the hearth bottom have been less 
successful, and where now installed in a few furnaces, 
these layers are generally keyed in and built in greater 


thicknesses, up to 85 inches, to prevent flotation. Used 
above the mantle, carbon has proved vulnerable to oxi- 
dation, carbon disintegration or alkali attack, and it is 
questionable whether its use in this region will ever 
prove economical. In the bosh, thin carbon linings, ex- 
ternally water-cooled, are operating successfully, and 
this practice will probably increase, as fireclay linings 
endure only through excessive use of expensive water- 
cooled plates. 

Refractory requirements in hot-blast stoves vary with 
the temperature of operation, design, gas cleanliness, 
and location in the stove. Combustion-chamber walls 
must resist deformation under load, spalling and alkali 
attack; and, with the exception of spalling, this is true 
of the top 10 or 20 feet of the checkers. Mechanical 
strength, density, and size uniformity are the chief re- 
quirements of the lower checkers. Although long service 
has been obtained with entire high-duty fireclay-brick 
linings, particularly in stoves with proper temperature 
control, many installations employ super-duty, semi- 
silica, or combinations of tliese brick in combustion 
chambers, domes, and the top checker courses. 

Hot-Metal Mixers— Hot-metal mixers present some 
refractory problems, despite their comparatively low 
operating temperatures, which seldom exceed 2500 ^ F. 
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The chief difficulties derive from excessive joint erosion 
resulting from a mechanical washing by the molten iron 
and corrosion by slag, and from designs which prevent 
streamlined construction at the spouts. These difficulties 
are accentuated if the mixer is fired to maintain tem- 
perature since, as the temperature of the slag is raised, 
it becomes more reactive on the lining. While linings 
of high -duty blast-furnace brick, mica schist, and occa- 
sionally sandstone may still be used, there is a definite 
trend to the more volume-stable, denser, hard-fired 
super-duty brick which have greatly prolonged lining 
life by minimizing joint erosion. Occasionally, in efforts 
to bring the lining life into balance, the critical areas 
around the spout may be lined with various types of 
high-alumina brick. Numerous trials of various types of 
basic brick have generally been disappointing. 

Basic Open-Hearth Furnaces — The modem basic 
open-hearth shop probably employs a wider range of 
refractories than is found in any other high-temperature 
process. In the furnace itself, the types of brick that may 
be found include silica, semi-silica, all grades of fireclay, 
some grades of high-alumina, and nearly all kinds of 
basic brick. In granular or plastic form are found raw, 
calcined or clinkered dolomite, magnesite, special mag- 
nesite or dolomitic ramming mixtures, chrome ore, 
plastic chrome ore, and fireclay, silica, and basic mor- 
tars. With few exceptions, however, none of these re- 
fractories can be said to be securely established in a 
given application, as not only do requirements vary 
widely with the different practices in different shops, 
but changes are constantly being brought about by im- 
provements in refractories and changes in fuels with 
accompanying changes in design. Currently, the overall 
trend in open-hearth refractories is toward increased 
use of basic refractories. Other trends and developments 
are revealed by a brief examination of refractories used 
in the various furnace parts, and in accessory equip- 
ment in the shop. 

Hearth — Insulating brick or concrete may be used on 
the steel bottom followed by fireclay brick or basic brick 
(usually burned chrome) or both. Above this point the 
bottom may be (1) burned in entirely with dead-burned 
magnesite and slag, (2) rammed in completely with sp<^- 
cial sized and bonded magnesite or dolomitic-raagnesia 
mixtures or (3) partially rammed with plastic chrome 
or the above ramming materials and covered by a 
bumed-in layer of magnesite or clinkered dolomite. Un- 
til 1939, practice (1) only was employed, but (2) is cur- 
rently more popular. 

Front, Back and Endwalls — Front and backwalls were 
the first applications above the hearth to be converted 
from silica to basic refractories and now these are al- 
most universally basic, of either chrome-magnesite or 
magnesite-chrome, burned or unbumed. Basic endwalls 
followed later, and while now predominant, silica end- 
walls are still employed. Steel-encased magnesite- 
chrome imbumed brick are most popular, and these 
walls are generally constructed with steel tie plates 
every 2 to 4 courses which are welded to the buckstays 
to prevent buckling. 

Port Sidewalls — Port sidewalls at present are gener- 
ally silica, except in a relatively small number of fur- 
naces with basic ends, in which they may be constructed 
like endwalls, with suspended panels immediately above 
floor level. 

Doors — An important development in open-heai-th re- 
fractories has been the introduction of stud -type doors 
with plastic base refractory linings, usually chrome ore. 
Performance has generally more than justified the extra 
cost over brick-lined doors. 

Roof — ^The supremacy of silica brick for open-hearth 


roofs has not seriously been threatened by basic brick, 
although a few experimental all-basic roofs have shown 
considerable promise of eventual justification. With the 
trend to silica brick of ever lower impurity content to 
obtain maximum refractoriness, particularly as exem- 
plified in the super-duty silica brick, some minor relief 
of the temperature limitations imposed on the open 
hearth by silica is obtained, but scarcely enough to off- 
set the attractiveness of the far greater potentialities 
provided by basic brick. Basic roof experience thus far 
indicates the need for brick of improved volume stability 
in service and further improvements in roof design. 

Uptakes — Uptakes, like port sidewalls are generally 
silica except in furnaces with basic ends, in which sus- 
pended basic construction is universally used. Occa- 
sionally super-duty fireclay brick or higher- alumina 
brick are employed in the lower zones. 

Slag Pockets, Checker Chambers, and Flues — In basic- 
end furnaces, basic brick may extend down into the 
slag-pockct walls, but these are generally silica and 
sometimes fireclay brick. Checkers and checker cham- 
bers are generally built of high-duty brick, although 
super-duty or 60 per cent high -alumina brick may be 
used in the hottest sections, or in the fantail, and semi- 
silica brick may be used in the checker-chamber roof. 
Intermediate- and low-duty brick may be used in the 
flues and stack. 

Basic Electric Stcclmaking Furnaces — ^While elcctric- 
furnace refractories do not have to contend with the 
high-velocity gases common to the open hearth, they 
are often subjected to higher temperatures and in the 
latter part of the process, to reducing atmospheres. For 
this reason, more consideration has been given to more 
expensive refractories of higher melting points in the 
basic process. Sillimanite or mullite brick made of kya- 
nite have been justified in many roofs in recent years, 
although silica is still generally relied on for the larger 
furnaces. Basic brick, either chrome-magnesite or 
magnesite-chromc, are generally used in the walls, and 
some experimentations have also been carried out with 
basic brick in the roof. The developments in hearth re- 
fractories have paralleled those of the open hearth. 

Pouring-Pit Refractories — These refractories — sleeves, 
nozzles, stopper heads, and ladle brick — must withstand 
severe thermal shock aiid corrosion by molten steel and 
slag; and, with the exception of stopper heads, they 
generally do this best when made of the lower grades 
of refractory clays. There are two reasons for this ap- 
parent paradox, both based on the time factor. First, 
sleeves and nozzles are single-use refractories and sel- 
dom subjected to these conditions for much more than 
an hour; and ladle brick are necessarily cooled between 
each similar treatment. Second, each of these refrac- 
tories, especially nozzles and ladle brick, during this 
short period must become pyroplasiic to function to best 
advantage — nozzles to form a tight seal for the stopper, 
and ladle brick to seal and prevent accelerated wear of 
joints. Stopper heads obviously must remain hard and 
corrosion -resistant, and hence are made of refractory 
clay-graphite mixtures. However, to minimize the rate 
of wear of such low-refraclory ladle brick and nozzles, 
these refractories must be dense. Because of the pecu- 
liarities of these requirements, other types of refractories 
have seldom proved satisfactory, and improvements 
have been gained more from a recognition of the fore- 
going facts and efforts to improve density, texture, and 
workmanship than from any substitution of other re- 
fractory types. 

Soaking Pits — Soaking-pit linings must possess good 
load-carrying ability, high resistance to abrasion, and 
resistance to iron-oxide attack, particularly at the slag 
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line. Cover linings must be resistant to spalling as must 
the top of the pit walls, although mechanical abuse in 
this zone is the chief cause of deterioration. Several 
types of refractories for pit walls have been and are 
being employed, with a trend to the more siliceous types, 
such as sandstone, silica and semi-silica brick, and mica 
schist, as these generally meet the above requirements 
better, and require less maintenance, than do fireclay 
brick. Slag-line maintenance remains a problem, and 
although basic brick are usually employed, comparable 
service has been obtained with 70 per cent alumina brick 
with resultant savings from lower first cost. Super duty 
brick, semi-silica brick, castables and plastics have also 
come into use, particularly for cover linings, where a 
definite trend toward the monolithic refractories has 
developed. Wide variations in operating conditions are 
chiefly responsible for the variety of refractories in cur- 
rent use, as each plant presents individual refractory 
problems. 

Heating Furnaces— Heating furnaces include a variety 
of types and service conditions, but refractory require- 
ments are generally met by fireclay brick. Spalling 
resistance is needed in most furnaces however, and 
recognition of this has led to greater use of super-duty 
and semi-silica brick in recent years, particularly in 
buspended and sprung arch roofs, and in the walls of 
heating zones of continuous slab-heating furnaces. More 
recently, rammed or cast monolithic walls and roofs 
have been used with considerable success. The problem 
of refractories for solid hearths in such furnaces has 
been eased but not eliminated by basic brick, rammed 
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b^ic plastics, or high-alumina brick. Burner-block 
difficulties have been greatly improved through the 
use of super-duty, high-alumina, or sillimanite block, 
either prefired or rammed. In many low-temperature 
heat-treating furnaces advantage can be taken of the 
low heat capacity and insulating value of light-weight 
fireclay brick. 



Chapter 9 


ADDITION AGENTS USED IN STEELMAKING 


Definitions — Steelmaking involves the deliberate addi- 
tion of various chemical elements to the molten metal to 
effect several desirable ends. These ends may include 
deoxidation of the molten metal to the desired degree, 
control of grain size, improvement of the mechanical 
and physical properties and corrosion resistance of the 
steel, increase of the response of the steel to subsequent 
heat treatment, or attainment of other specific effects 
that are discussed elsewhere in this book. Originally, 
the chemical element it was desired to incorporate into 
the steel was added to the bath in the form of an alloy 
that consisted principally of iron but was rich in the de- 
sired element. Such alloys, because of their high iron 
content, became known as ferroalloys, and most of the 
available types were produced in the iron blast furnace. 
Eventually, the production of alloys for steelmaking 
purposes began to be carried out in electric-reduction 
and other types of furnaces as well, and a number of 
alloys now produced contain relatively little iron. For 
this reason, the term addition agent is preferred to de- 
scribe any of the materials added to molten steel for 
altering its composition or properties; under this defi- 
nition, the ferroalloys form a special class of addition 
agents. 

The more common addition agents definitely in the 
ferroalloy class include alloys of iron with aluminum, 
boron, calcium, chromium, columbium, manganese, 
molybdenum, nitrogen, phosphorus, selenium, silicon, 
tantalum, titanium, tungsten, vanadium, and zirconium. 
Some of these chemical elements and others are avail- 
able in addition agents that are not ferroalloys, as well 
as in almost pure form; these include relatively pure 
metals such as aluminum, calcium, cobalt, copper, man- 
ganese and nickel; oxides of molybdenum, nickel and 
tungsten; carbon, nitrogen and sulphur in various forms; 
and alloys consisting principally of combinations of two 
or more of the foregoing elements. The more important 
of the addition agents (including ferroalloys) will be 
discussed individually later in this chapter. Although 
work on the use of rare-earth alloys is in progress, the 
results reported thus far arc still under investigation 
and the use of such alloys in steelmaking will not be 
discussed here. 

Use of Addition Agents— Addition agents may be 
added with the charge in the steelmaking furnace, or in 
the molten bath near the end of the finishing period, or 
in the ladle or in the molds. Timing of the alloy addi- 
tions is dependent on the effect of the addition on the 
temperature of the molten metal, ease with which 
specific addition agents go into solution, susceptibility 
of a particular addition agent to oxidation, and forma- 
tion and elimination of reaction products. 

Economy in manufacture of alloy steels requires con- 
sideration of the relative affinity of the alloying elements 
for oxygen as compared with the affinity of iron for 
oxygen. For example, copper, molybdenum, or nickel 
may be added with the charge or during the working 
of the heat and are wholly recovered. Chromium and 
manganese, because they are easily oxidized, should be 
added late in the heat and all or part of these two may 
be added in the ladle. In open-hearth practice, easily 


oxidized materials such as aluminum, boron, titanium, 
vanadium, and zirconium are normally added in the 
ladle in order to minimize oxidation losses. 

It is often necessary to preheat the ferroalloy to avoid 
imdue chilling of the bath. When large additions are 
made entirely to the bath, time must be allowed for the 
molten steel to be reheated to the desired temperature 
before tapping. The ferroalloy additions may be split 
between the furnace and the ladle, and in cases where 
excessive chilling of the metal in the ladle is to be 
avoided, the lower alloy recovery in the furnace must 
be accepted. 

The agents to be added to the bath should be lump 
size (say 5 inches) in order to penetrate the slag easily. 
For ladle additions, the alloy should have a maximum 
size of approximately 2 inches in order to assure rapid 
solution. 

Storage Facilities for Addition Agents — ^From the 
standpoint of material handling and of conservation and 
identification, it is advisable to store addition agents in 
properly designed bins in which they are protected 
from the weather. The location and design of bins 
should make the contents quickly available and with a 
relatively low handling cost. All bins should provide 
identification of the contents since confusion may be 
costly due to failure to meet specified chemical com- 
position of the finished steel. Certain addition agents 
are more easily broken on handling than others, and 
caution should always be exercised to avoid production 
of fines. 

COMPOSITIONS OF COMMON ADDITION AGENTS 

Ferromanganese is the most important of the ferro- 
alloys used in stcehnaking. Standard ferromanganese 
contains 74 to 82 per cent manganese, and contains not 
more than 1.25 per cent silicon, 0.35 per cent phosphorus, 
7.50 per cent carbon, and 0.05 per cent sulphur. Low- 
phosphorus ferromanganese suitable for addition to acid 
open-hearth steel should not contain over 0.10 per cent 
phosphorus. Low- carbon ferromanganese is used when 
it is important to limit the amount of carbon entering 
the steel from the ferromanganese addition. This low- 
carbon product is available in several grades containing 
increasing amounts of carbon, e.g., 0.07 per cent, 0.10 
per cent, 0.15 per cent, 0.30 per cent, 0.50 per cent, and 
0.75 per cent (all maxima), and the lower the carbon 
content the higher the price per pound. All of the fore- 
going grades of low-carbon ferromanganese contain 80 
to 85 per cent manganese. Medium- carbon ferromanga- 
nese contains a maximum of 1.5 per cpnt carbon and 80 
to 85 per cent manganese. If low-carbon and medium- 
carbon ferromanganese are used as bath additions (to 
the furnace) such additions should be made after the 
bath has been deoxidized. 

Silicomanganese is used by some open-hearth furnace 
operators as a furnace addition to block the heat (retard 
the oxidizing reactions taking place in the furnace to- 
ward the end of the finishing period) because of the 
shorter holding time required from time of addition to 
tap, as compared with the use of ferrosilicon followed by 
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ferromanganese. Silicomanganese contains 65 to 68 per 
cent manganese, 18 to 20 per cent silicon, and a usual 
maximum of 1.5 per cent carbon. 

Spiegeleisen is available in grades containing 16 to 28 
per cent manganese, with the carbon content not over 
6.5 per cent. The silicon content of spiegeleisen is from 
1.0 to 4.5 per cent. A grade known as silicospiegel con- 
tains 25 to 30 per cent manganese, 2 to 3 per cent carbon, 
and 7 to 8 per cent silicon. Spiegeleisen (usually called 
spiegel) is used as an addition to the bath and in the 
refining or last stage of the open-hearth process. 

Fcrrosilicon — The low-silicon grades of ferrosilicon, 
which usually start at 10 per cent silicon and ordinarily 
do not exceed 17 per cent silicon, generally are blast- 
furnace products, and contain 1.50 per cent maximum 
carbon. Electric-furnace ferrosilicon, made by an elec- 
tric-furnace process, is graded according to silicon con- 
tent. The principal grades contain, respectively, 25 per 
cent, 50 per cent, 75 per cent, 85 per cent, and 90 to 
95 per cent silicon. The grades containing the most 
silicon can be obtained with special low aluminum con- 
tent. The 50 per cent silicon grade is by far the most 
widely used, and is employed chiefly as a ladle addition. 
The 10 to 15 per cent and 25 per cent silicon grades are 
those usually used in the open-hearth furnace for block- 
ing, although other grades are also used, and may also 
be used as deoxidizers added prior to addition of other 
more expensive alloys. 

Fcrrochromium, containing 65 to 72 per cent chro- 
mium and a maximum of 2 per cent silicon, is classified 
into grades by carbon content. The respective grades 
contain 0.06 per cent, 0.10 per cent, 0.15 per cent, 0.20 
per cent, 0.50 per cent, 1.00 per cent, and 2.00 per cent 
carbon, along with the most commonly used and 
cheapest grade containing 65 to 69 per cent chromium 
and 4.50 to 8.50 per cent carbon. Ferrochromium con- 
taining the higher amounts of carbon is used as a furnace 
addition. As in the case of ferromanganese, the alloys 
of lower carbon content are the more expensive. Bri- 
quettes of ferrochromium in which are incorporated 
chemical reagents to provide exothermic reactions per- 
mit chromium to be added to the ladle in this form 
without an undue chilling effect. 

Ferro vanadium, containing 35 to 55 per cent vanadium, 
usually is added to killed steel in the ladle. 

Ferromolybdenum, containing 55 to 75 per cent mo- 
lybdenum, is used where the higher molybdenum con- 
tents are desired. For lower molybdenum contents, mo- 
lybdenum oxide or calcium molybdate may be used. All 
are furnace additions. 

Ferrotitanium available in the following grades gen- 
erally is used as a ladle addition: regular grade con- 
taining 40 per cent titanium and a maximum of 0.10 per 
cent carbon; low-carbon grade containing 25 per cent 
titanium and a maximum of 0.10 per cent carbon; and a 
high-carbon grade containing 15 to 19 per cent titanium 
and 6 to 8 per cent carbon. 

Zirconium is obtained from one alloy containing 12 to 
15 per cent zirconium, 39 to 43 per cent silicon, and a 
maximum of 0.20 per cent carbon; or another contain- 
ing 35 to 40 per cent zirconium, 37 to 52 per cent 
silicon, and a maximum of 0.50 per cent carbon. These 
zirconium alloys generally are added in the ladle. 

Ferrophosphorus in two grades containing, respec- 
tively, 17 to 19 per cent and 23 to 26 per cent phosphorus, 
usually is added in the ladle. 

Nickel, obtained in the forms of sheared electrolytic 
cathodes or as ingots produced from remelted cathodes, 
both containing a minimiun of about 99 per cent nickel, 
is used as a furnace addition. Little or no nickel is lost 
through oxidation when it is added to the bath, so nickel 


steels are made by charging nickel-steel scrap and add- 
ing metallic nickel after the charge has boon melted 
completely. Nickel oxide is sometimes used in con- 
junction with reducing slags in the electric furnace as 
a source of metallic nickel. 

Copper usually is added to the bath in the form of 
virgin copper pigs or as scrap copper. It also can be re- 
covered, with little or no loss, from copper-bearing steel 
scrap in the initial furnace charge. 

Aluminum usually is added in the form of secondary 
aluminum having an aluminum content of from 85 per 
cent upward. It generally is used in the form of shot for 
addition to the ingot mold, or as shot or bars for addi- 
tion to the ladle. In special cases, as when used for the 
deoxidation of small ingots, the metallic aluminum con- 
tent of the addition may be as high as 97.5 per cent. 
Limitations are placed on the copper content of alu- 
minum used in steolmaking operations, and generally 
it is not allowed to exceed 4.5 per cent. 

Cobalt in metallic form (97 to 99 per cent pure) is usu- 
ally added to the furnace in the form of shot or rondelles 
in the manufacture of high-speed steels, permanent- 
magnet steels and other special steels in the electric 
furnace. 

Ferrocolumbium, containing 50 to 60 per cent of 
columbium and up to 8 per cent silicon with a maximum 
of 0.40 per cent carbon, is usually added through the re- 
ducing slag in electric furnaces in the production of 
austenitic stainless steels of the chromium-nickel type 
and alloys for use at high temperatures. 

Ferroselenium, used for the addition of selenium to 
stainless steels to improve their machinability, is added 
to the ladle during the tapping of electric-furnace heats. 
It contains 50 to 60 per cent of selenium. 

Tantalum for stcclmaking purposes is available as 
ferrotantalum-columbium, which has a content of ap- 
proximately 20 per cent tantalum, 40 per cent columbium 
and a maximum of 0.30 per cent carbon. It can be used 
as a replacement for ferrocolumbium in some cases. 

Tungsten, used principally in the manufacture of 
high-speed tool steels m electric furnaces, is available 
from ferrotungsten, the standard grade of which con- 
tains 70 to 80 per cent of tungsten and a maximum of 
0.60 per cent of carbon. Tungsten is also obtained from 
oxide forms such as scheelite and calcium tungstate. 

Sulphur as required by specification is added to the 
ladle in the form of such addition agents as flowers of 
sulphur, stick sulphur, iron sulphide, or less often as 
manganese sulphide, sodium sulphide, etc. 

Carbon — For raising the carbon content of the steel 
during tapping, additions may be made to the ladle in 
the form of coke, anthracite coal, graphite, or petroleum 
derivatives. It is desirable that such additions be low in 
sulphur and high in carbon. 

“Hardenability Inlensifiers” — A number of ferroalloys 
are designed to increase the hardenability of steel when 
added in relatively small amounts. They usually con- 
tain boron together with one or more of the following 
elements: silicon, titanium, vanadium, zirconium, alu- 
minum, manganese, calcium, or other deoxidizers or 
denitrifiers. 

The foregoing brief descriptions of addition agents 
summarize only the principal sources of the various 
elements for the manufacture of steel, with some refer- 
ence to the manner in which most of them are used. 
Specific reasons and the manner for the use of individual 
addition agents, or combinations of them, are discussed 
in other chapters describing the several steelmaking 
processes and the properties and heat treatment of AISI 
alloy steels, stainless and heat-resistant steels, and tool 
steels. 



Chapter 10 

SCRAP FOR STEELMAKING 


Scrap consists of the by-products of steel fabrication, 
and worn out, broken or discarded items containing iron 
or steel. It is one of the two principal sources of metal 
in steel-making; the other principal source is iron 
from the blast furnaces, either molten as it comes 
from the blast furnace (“hot metal”) or in solid pig form. 
Scrap is of great practical value. Every ton of scrap 
consumed in steelmaking is estimated to displace and 
conserve for future use 3% to 4 tons of other natural 
resources including iron ore, <=oal and limestone. On 
the average, the steel industry consumes about equal 
quantities of scrap and blast-furnace iron. According 
to recently published figures of the American Iron 
and Steel Institute, the steel industry consumes an 
average of about 54,000,000 tons of iron and steel 
scrap in producing 100,000,000 net tons of ingots and 
steel for castings. The metallic charge for an open- 
hearth steelmaking furnace consists, on the average, of 
about one-half steel scrap and one-half molten iron 
(hot metal). Bessemer converters and other pneumatic 
processes employ molten iron (hot metal) almost ex- 
clusively; while the electric furnace usually is charged 
almost entirely with cold scrap. Table 10— I summarizes 
the consumption of scrap and blast-furnace iron by the 
several steelmaking processes and the blast furnace 
during 1953. 

Table 10— I. Consumption of Scrap and Hot Metal and 
Pig Iron by Steelmaking Processes and Blast Furnaces 
During 1953* 


Comsumption (Net Tons) 


Hot Metal and 

Process Scrap Pig Iron 


Bessemer 218,998 4,249.149 

Open-Hearth 48,698,391 61,105,870 

Electric 7,327,627 134.144 

Blast Furnace 5,005,873 21,456 


• American Iron & Steel Institute 

Types and Sources of Scrap — Scrap iron and steel may 
be classified as originating from two sources: home 
scrap produced as unsalable products unavoidably re- 
sulting from steelmaking and finishing operations, and 
purchased scrap. 

Home scrap (also called “revert scrap”) includes such 
items as pit scrap; ingots too short to roll; rejected 
ingots; ingot crops; crop ends from blooms and billets; 
shear cuttings from trimming flat-rolled products to 
accurate size; products irrecoverably damaged in han- 
dling or finishing; ends cut from bars, pipe or tubing to 
bring them to standard or exact ordered length; turnings 
from machining operations, and so on. Bloom crops con- 
stitute the largest single item of home scrap. Advances 
in steelmaking techniques have tended to reduce the 


proportion of the ingot that must be cropped. While this 
has reduced the quantity of home scrap, it has resulted 
in a higher proportion of steel from the ingot being 
shipped to consumers in the various forms of finished 
steel. This has partially offset the loss in home scrap 
by increasing the proportion of prompt industrial scrap, 
discussed below. 

In general, according to the source referred to above, 
about 31,500,000 net tons of home scrap results from the 
manufacture of 100,000,000 net tons of steel ingots (and 
steel for castings — a small percentage of the whole) and 
the processing of this steel into finished products. 

Purchased scrap must be used to tlie extent of 22,500,- 
000 net tons to supplement the 31,500,000 tons of home 
scrap to provide the 54,000,000 tons of iron and steel 
scrap needed to produce the hypothetical 100 000,000 net 
tons of steel used here as a basis for discussion. Pur- 
chased scrap is divided into two general classifications: 
(1) dormant scrap and (2) prompt industrial scrap. 

Dormant scrap comprises obsolete, worn out or broken 
products of consuming industries. Typical examples of 
dormant scrap are: discarded steel furniture, washing 
machines, stoves and other outdated consumer goods; 
beams, angles, channels, girders, railings, grilles, pipe, 
etc., arising from the demolition of buildings; useless 
farm machinery; obsolete, broken or damaged industrial 
machinery; old ships; railroad rails and rolling stock 
that have outlived their usefulness; wrecked automo- 
biles, and so on. This type of scrap, because of its mis- 
cellaneous nature, requires careful sorting and classifi- 
cation in segregated lots to prevent the contamination 
of steel in tlie furnace with unwanted chemical elements 
that may be present in some of the scrap. It should also 
be of such physical size as to facilitate handling and 
loading into charging boxes. The need for proper clas- 
sification and preparation of dormant scrap is empha- 
sized by the existence of 75 different specifications 
covering various grades of scrap for use in blast 
furnaces, acid and basic open-hearth furnaces, electric 
furnaces, bessemer converters, gray-iron foundries and 
elsewhere. In addition, the Association of American 
Railroads has forty -five specifications applying to scrap 
of railroad origin. These all have been prepared to 
facilitate proper classification of scrap for different uses. 

Prompt industrial scrap is generated by steel con- 
sumers in making their products. It may consist of the 
unwanted portions of plate or sheet that has been cut or 
sheared to the desired final size and shape, trimmings 
resulting from stamping and pressing operations, ma- 
chine turnings, rejected products scrapped during 
manufacture, short ends, flash from forgings, and other 
types of scrap. Prompt industrial scrap can usually be 
identified easily as to source and composition, provided 
that proper plans for segregation are in effect in the 
consumer's plant, the scrap dealer's yard, and in the 
steel plant. 

Of the 33,000,000 tons of purchased scrap actuaUy con- 
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sumed in 1953, about 9,500,000 tons originated as prompt 
industrial scrap in metal-working factories in the proc- 
essing of finished steel and of iron castings into capital 
and consumer goods. About 5,000,000 tons came from 
auto-wrecking operations, 4,000,000 tons from the rail- 
roads, 2,000,000 tons from farms, and the remainder from 
shipbreaking, public utilities, refineries, collectors, and 
demolition— with demolition the major general source. 
In a typical month during that year, open-hearth fur- 
naces used 56 per cent of all purchased scrap, 72 per 
cent of the home scrap, and 83 per cent of the pig iron. 
Electric furnaces accounted for 6 per cent of scrap and 
pig iron combined. Blast furnaces used 8 per cent of all 
purchased scrap. 

Physical Preparation of Scrap — Scrap is classified ac- 
cording to its physical size and chemical composition. 
Pieces too large to be accommodated by charging- 
machine boxes must be cut into satisfactorily smaller 
sizes; shears, flame-cutting, impact devices and other 
means may be used, depending upon the type of scrap 
being handled. Sometimes, very large pieces of scrap 
that cannot pass through the furnace doors may be 
charged into an open-hearth furnace by overhead crane 
when tlie furnace roof is off during rebuilding. Sheet 
shearings, punchings and similar types of relatively thin 
and xxsually small pieces of scrap may be compressed 
into block-like bundles in specially-designed hydraulic 
baling presses; since about half of the steel rolled in the 
United States at present is in the form of relatively thin 
flat-rolled products, large quantities of scrap require 
baling. 

Assuming that scrap has been properly sorted witli 
respect to its chemical composition, as discussed later, 
tlie primary purpose achieved by the proper preparation 
of scrap is to increase the amount of scrap that can be 
loaded at one time into a charging box for placing the 
scrap in the steel-producing furnace. The denser the 
load in the charging boxes, the fewer the number of 
boxes that need to be loaded, transported and their con- 
tents dumped into the furnace, and the less tlie time 
consumed in charging the furnace. Delays in charging 
can result in considerable loss of steel production. 

The prime grade of purchased scrap for production of 
open-hearth steel must be at least Va-inch thick, no 
more than 18 inches wide, nor more than 5 feet long. 
Electric furnaces require purchased scrap of smaller 
dimensions ranging in size from 3 feet down to punch- 
ings; further details relating to scrap for electric- 
furnace melting are given in Chapter 16, Short lengths 
of turnings are the preferred form of scrap for blast- 
furnace use. 

Chemical Composition of Scrap — Certain chemical 
elements are desirable constituents of scrap for steel- 


xi^ing, especially when used in electric furnaces, as 
discussed in Chapter 16. In general, however, scrap for 
all of the steelmaking processes should be free from un- 
known and unwanted elements referred to as “tramp 
alloys.” The increasing use of alloy steels of many com- 
positions has aggravated tlie tramp alloy problem since 
more and more purchased scrap may be expected to in- 
clude unidentified alloy steels. 

The segregation of home scrap according to its chemi- 
cal composition is relatively simple. Purchased scrap, 
especially dormant scrap, presents some problems since 
a large percentage of it is of unknown origin and com- 
position. While it would be impossible to chemically 
analyze each individual piece of the huge amounts of 
dormant scrap consumed every year, the chemical 
analysis of selected samples of individual lots sometimes 
is employed by steel plants in the classification of scrap. 
Spectrographic analysis sometimes is employed instead 
of chemical analysis because it is more rapid; however, 
both are relatively time-consuming and expensive and 
both require careful selection and preparation of sam- 
ples. Some less costly but less accurate tests are com- 
monly used; these include magnetic tests, spark tests, 
spot tests and pellet tests as described briefly in 
Chapter 16. 

When the chemical composition of scrap is known, 
the scrap can prove to be a valuable source of alloying 
elements needed in the production of alloy steels. Full 
advantage is taken of this source in the production of 
alloy steels in the electric furnace. In the open-hearth 
furnace, however, the preponderance of production con- 
sists of carbon and low-alloy steels and, in general, 
alloying elements in scrap are a source of trouble. 

Tin, copper, nickel and other elements present in 
scrap will alloy readily with steel and, in many in- 
stances, render it unfit for its intended use. Relatively 
small amounts of these metals can contaminate an entire 
heat of steel. Tin and copper in certain ranges of com- 
position cause brittleness and bad surface conditions in 
steel. Nickel and tin not only contaminate heats into 
which they may be unintentionally introduced, but may 
deposit a residue in the furnace that is absorbed by 
successive heats with resultant contamination. Zinc 
volatilizes in steelmaking furnaces and, by reacting with 
the hot refractories, causes rapid deterioration of brick 
work. Lead is extremely harmful to furnace bottoms 
and refractories and, if present in sufficient quantities, 
may cause furnaces to break out by penetrating joints 
or cracks in the bottom to form channels that may be 
followed by molten steel. The foregoing examples repre- 
sent some of the difficulties caused by only a few of the 
chemical elements that may enter steel from poorly pre- 
pared or carelessly classified scrap. 



Chapter 11 

THE MANUFACTURE OF SPONGE IRON 
AND WROUGHT IRON 


SECTION 1 

SPONGE IRON 


Sponge iron provided the main source of iron and 
steel for many centuries before the blast furnace was 
developed around 1300 A.D. It was produced in rela- 
tively shallow hearths or in shaft furnaces, both of 
whi(^ used charcoal in the double role of a fuel to 
supply heat and a chemical reducing agent to reduce 
the iron from the ore by combining carbon from the 
fuel with the oxygen from the ore. The product of all 
of these smelting processes was a spongy mass of 
coalesced granules of nearly pure iron intermixed with 
considerable slag. Usable articles of wrought iron were 
produced by hammering the spongy mass while still hot 
from the smelting operation, to expel most of the slag 
and compact the mass. All of the methods whereby 
wrought iron can be produced directly from the ore 
are called direct processes. After development of the 
blast furnace, which made large quantities of iron 
having a high carbon content available, wrought iron 
was produced by refining this high-carbon material; 
because two or more steps were involved in the proc- 
esses employed, they came to be known as in^rect 
processes. 

Direct methods are still in use among certain peoples, 
and, indeed, have never been wholly abandoned even 
by the most advanced nations. The ease with which iron 
ores are reduced makes the direct process appear en- 
ticingly simple and logical. The reduction takes place 
at low temperatures and absorbs little heat, some of the 
reactions actually being exothermic. 

For the past hundred years, sponge iron itself has 
found increasing use in various industrial processes, 
other than in the manufacture of wrought iron. Since 
the iron produced in sponge form is of high purity, it is 
used extensively in the chemical industry as a strong 
reducing agent and is chemically much more active 
than steel or iron in the form of millings, borings, turn- 
ings, or wire, because of its porous or spongy nature. 
Sponge iron may be produced as a granular material 
or as a sintered mass, depending upon the methods of 
manufacture. In the granular form, in which it is com- 
monly known as powdered iron, it is used in the manu- 
facture of many useful articles by the techniques of 
powder metallurgy, in which the powders are first com- 
pacted by pressure alone into the approximate shape of 
the finished article; the compact is then “sintered” at 
a temperature ranging roughly between 1800® and 
2000° F in furnaces provided with a protective atmos- 
phere to prevent oxidation. The sintered articles are 
then pressed or otherwise processed to give them their 
final accurate shape. 

It may be mentioned that iron powders are produced, 


not only by direct reduction of iron ores or oxides using 
solid carbonaceous reducing agents (coal, coke or char- 
coal) , but also by electrolytic processes, by thermal de- 
composition of iron carbonyl which has the chemical 
formula Fe 2 (CO)o and by the reduction of iron ore or 
pure oxides with various gaseous reducing agents such 
as carbon monoxide or hydrogen. 

In connection with the direct reduction processes 
mentioned, it is interesting to note that dry iron oxides 
(hematites or magnetites), in the presence of a small 
excess of reducing substance, form dark-gray porous 
masses having the same size and shape as the original 
lumps or particles when reduced at temperatures below 
1650® F (900® C), and that a temperature of 1740® to 
1830® F (950® to 1000® C) is necessary to effect complete 
reduction in a reasonable length of time, unless the ore 
is of a selected particle size. At 1830® F (1000® C) the 
product begins to sinter, and forms a pasty, porous mass 
at 2190® F (1200® C). At 2370® F (1300® C) the mass ab- 
sorbs carbon rapidly, if the latter is present, and begins 
to fuse, though the upper melting (completely liquid) 
point of pure iron is 2785® F (1530® C) . 

In addition to the commercial production of sponge 
iron by direct reduction for the foregoing purposes, 
much effort and expense has been incurred for a long 
period of time in an effort to discover some practicable 
direct-reduction process that would produce iron eco- 
nomically for use in steelmaking operations, thus elimi- 
nating, at least partially, the need for blast-furnace pig 
iron. Although iron ore can be reduced directly with 
relative ease on a small scale, no commercially useful 
process has been developed to date that shows any 
promise of supplanting the blast furnace as the chief 
source of iron units for steelmaking. 

The attempts to develop a direct process for manu- 
facturing iron and steel that could compete with the in- 
direct processes now in use have embraced practically 
every known type of apparatus suitable for the purpose, 
including pot furnaces, reverberatory furnaces, regen- 
erative furnaces, shaft furnaces, rotary and stationary 
kilns, retort furnaces, electric furnaces, and various 
combination furnaces. Many different kinds of reducing 
agents have also been tried, such as coal, coke, graphite, 
distillation residues, fuel oil, tar, producer gas, coal gas, 
water gas and hydrogen. Practically all of these proc- 
esses have been abandoned, and it is unnecessary to 
give details of them here, especially since adequate 
descriptions are to be found in other works on this 
subject. 

Wiile the process of producing low-carbon iron direct 
from ore is theoretically very attractive and appears 
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more logical than indirect processes (in which high- 
carbon pig iron is first produced and then purified to 
make iron and steel), direct processes have failed in 
competition with indirect methods. Apparently, the chief 
reasons why the direct process resists all efforts to 
establish it are these: (1) The ore must be a very rich 
one. (2) Tlie ore must be finely divided and intimately 
mixed with or carefully placed over the reducing agent. 
(3) So far, no practical plan has been evolved whereby 
tlie ore and reducing agent may be mixed in proper pro- 
portions to leave no excess of either. If an excess of 


the former is permitted, the process is wasteful of ore, 
while in the presence of an excess of the latter, the iron 
is obtained at a low temperature in sponge or pasty 
form which is hard to handle. If produced o higher 
temperature, phosphorus in the ore will be reduced and 
the carbon absorbed from the fuel, giving a very impure 
metal, little better than pig iron. Sulphur, except when 
an excess of calcium oxide is present, is readily ab- 
sorbed by the metal and cannot be removed except 
under highly reducing conditions such as prevail in 
the blast furnace or an electric furnace. 


SECTION 2 


DIRECT PROCESSES FOR MAKING WROUGHT IRON 


Historical Background of Direct Processes — From 
about 1350 B.C. to 1300 A.D. all of the iron wrought into 
tools and weapons was produced directly from ore. 
Reduction of iron ore was carried out in a relatively 
simple manner using charcoal as fuel. In the earliest 
limes the operation was carried out in crude hearths 
which eventually were superseded by furnaces of var- 
lou.s designs having a strong family resemblance. 

In the first smelting hearths or furnaces, natural draft 
alone supplied the air for combustion. Later, it seems to 
have been the practice to construct tlie hearth on a hill- 
side or at tlie base of a cliff facing in the direction of a 
prevailing wind (Figure 11 — 1). A wind of suitable di- 



PLAN 



WIND FORCFD AIR INTO 
MLARTH THROUGH THIS 
FUNNEL- SHAPLD OPENING 


Elevation 


Fig. 11 — 1. Schematic representation of an early smelting 
furnace, built on a hillside to take advantage of the 
direction of prevailing winds to supply a gentle blast. 
Actual discovered remains of similar furnaces indicate 
that the hearth of such furnaces may have been rela- 
tively shallower and greater in area in proportion to 
their height. 


rection and velocity could be led into the burning fuel 
bed through an opening in the hearth or furnace wall 
to provide the air blast required to produce strong com- 
bustion of the charcoal fuel. Still later, devices for blow- 
ing air into the fuel bed were developed to make the 
process independent of wind and weather. These de- 
vices ranged all the way from mouth-blown hollow reeds, 
through foot-operated bladders of animal skins, foot- 
operated bellows, hand-operated bellows, and air- 
blowing devices operated by treadmills and water 
wheels. Another device somewhat widely used was the 
trompe, which made use of the aspirating effect of a 
falling column of water inside a tube, to draw air in 


through holes in the sides of the tube near its top, and 
expel the air into a closed chamber at the bottom; the 
air was piped from this chamber to the furnace (.sec 
Figure 11—2). 



Fic. 11—2. (Right) Schematic representation of the opcra> 
tion of the tronipe for utilizing the principle of aspiration 
to provide air blast for smelting furnaces. (Left) Sketch 
«)f external appearance of a trompe. The cross-section of 
the vertical column was more commonly round than 
square. 

In view of the many centuries in which the direct 
process was used, it is to be expected that many differ- 
ent methods and types of apparatus would have been 
developed. Little is known of the furnaces in use prior 
to the eighteenth century, but the majority were of the 
hearth type, while the remainder were of the shaft type 
and may be compared to small blast furnaces, as will be 
discussed later. While these furnaces might, and did, 
differ widely as to form, size, and materials of con- 
struction, the fundamental metallurgical principles were 
the same in all. The ore, in lumps or in more or less 
finely divided form, was mixed with charcoal and 
charged into the furnace. Charcoal served the triple 
purpose of (1) a fuel to supply heat, (2) a reducing 
agent, and (3) a protector to shield the hot reduced 
metal from the oxidizing influences of the air. 

The Catalan Process — ^The Catalan hearth, as the 
furnace used in this process was called, was an 3 rwhere 
from 20 inches square and 16 inches deep to around 30 
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inches by 40 inches and something over two feet deep. 
The nozzle or tuyere, through which the blast was blown 
into the furnace, was placed about 9 inches from the 
bottom in the smaller hearths and about 15 inches from 
the bottom in the larger hearths. The hearth was filled 
to the level of the tuyere with charcoal, on which was 
piled lump ore together with charcoal. These materials 
were placed so as to form two separate columns, the 
charcoal against the tuyere side of the hearth, and the 
ore against the other side (Figure 11 — 3). A gentle 



Fig. 11—3. (Above) Representation of a 
Catalan hearth or forge used for smelting 
iron ore up until relatively recent times. 
(Below) Cross section showing method of 
charging fuel and ore in tlie Catidan hearth, 
and approximate position of the nozzle sup- 
plied with air by a bellows. 

blast of air was applied at first and the carbon monoxide, 
formed by combustion of the charcoal, passed prefer- 
entially through the open pile of lump ore. The ore was 
reduced to metallic iron when the oxygen in the iron 
oxide of the ore combined with the carbon monoxide to 
form carbon dioxide. The waste gases escaped at the 
top of the charge. Charcoal (along with fine ore) was 
added at regular intervals to replace that consumed in 
combustion. After about two hours, the lump-ore 
column was gradually pushed downwards and the tem- 
perature of the hearth was raised by increasing the 
blast. As successive portions of tlie ore became reduced, 
they were pushed nearer the tuyere where the hearth 
was hottest. By the time the ore had reached the hotter 
regions, it was largely reduced to the metallic state. 

The unreduced portion of the lump ore, along with 
part of the fine ore added periodically with charcoal, 
formed a siliceous slag of high iron content with the 
gangue (waste material). The metallic iron resulting 
from reduction of the ore became pasty at the tempera- 
tures existing near the tuyere, to form a coherent loup 


or bloom. After as much as possible of the ore had been 
reduced, the bloom was pried out of the hearth and 
hammered into bar form. 

The American Bloomery — ^Among the variations of the 
process just described was the American Bloomery 
Process which was very similar to the Catalan process, 
differing from it chiefly in the fact that ore in a fine 
state, instead of in lumps, was mixed with charcoal to 
form the charge. The American bloomery represented 
the highest development in tlie simple hearth type of 
furnace for producing wrought iron. The bellows sup- 
plying the blast was operated by a water wheel or steam 
engine. The hearth was provided with a water-cooled 
metal bottom-plate, and cast-iron plates lined the sides. 
These hearths, rectangular in shape, were about 2 feet 
deep and 3 feet wide, and were surmounted by a tall 
chimney in the form of a truncated pyramid for carrying 
off the hot waste gases. The blast was heated (to save 
fuel) by passing the air through cast iron pipes around 
which the hot waste gases passed on their way from 
the furnace to the opening of the stack. Usually, 
bloomeries were open in front like an open fireplace, 
with the tuyere placed either at one side or at the back, 
about 20 inches above the bottom. Charcoal was first 
put into the hearth, the blast turned on, and when the 
fire was burning well, some ore was spread on the char- 
coal. Thereafter, charcoal and ore were added alter- 
nately until a sufficient amount of metal had collected 
upon the bottom. Then the iron, in a pasty mass and 
mixed with much slag, was removed from beneath the 
fuel bed with bars and tongs and hammered into a 
bloom. The last wrought iron to be produced by the 
bloomeries in this coimtry was made in 1901. 

The Stuckofen (High Bloomery) — The stuckofen or 
old high bloomery, variations of which appear to have 
been called salamander furnace, wolf furnace, wolf 
oven, wulTs oven and luppenofen or loup furnace, 
evolved from the Catalan type of hearth furnace. The 
earliest recorded types of these furnaces were in terri- 
tories included in pre-World War II Germany (Nassau, 
Siegen, Saxony) and in parts of Austria, Belgium and 
the Netherlands. It was a furnace, 10 to 16 feet high, 
having a roimd, elliptical or rectangular cross section 
(greatest cross-sectional dimension, about 3 to 4 feet) . 
One or two tuyeres supplied the blast, located some- 
what over a foot above tlie hearth. Fuel and ore were 
charged into the top of the furnace, being replenished 
from time to time as smelting proceeded. A drawing 
hole was provided in the wall at the bottom of the shaft 
for extracting the blooms. This hole was closed by 
brick or stone work that was torn out each time a bloom 
was removed, after which the hole was again closed. 
Charcoal was the only fuel used. 

The furnace called the wolf oven has been described 
as lower than the stuckofen, perhaps 6 to 7 feet in aver- 
age height. Intermediate in size, between the wolf oven 
and the stuckofen, are the blasofcn and bauernofen. The 
bauernofen corresponds to the osmund furnace (about 8 
feet high) used in Sweden (a similar type was used in 
India). A type of furnace which originally resembled 
and was operated like the stuckofen, and was later 
adapted to produce either blooms of low-carbon wrought 
iron or molten, high-carbon iron, resembled a crude 
blast furnace and was termed blauofen, blau furnace or 
blue furnace. 

The stuckofen may be considered as the forerunner 
of the modem blast furnace which produces only liquid, 
high-carbon iron. Liquid high- carbon iron often was 
produced in the stuckofen, intentionally or otherwise. 
This occiurred when the reduced iron was in contact with 
hot fuel away from the blast long enough to absorb 
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sufficient carbon to reduce its melting point to where it 
would become liquid. The height of the furnace made 
this possible, especially if the operating temperature was 
high enough. A flussofen was strictly a primitive blast 
furnace intended only to produce molten, high-carbon 
iron. It may be said in general that the furnaces for pro- 
ducing molten high-carbon iron developed gradually 
from the early hearths in which only wrought iron was 
produced. The development consisted in gradually in- 
creasing the height of the furnace and introducing the 
charge at intervals through the top. These higher fur- 
naces, distinguished as a class from the Catalan type 
of hearth or bloomery, were termed shaft furnaces. The 


modem blast furnace is a shaft furnace, gradually 
evolved from the stuckofen and flussofen. In its early 
days it was called a high furnace, from its German name, 
hochofen (French: haut fourneaux) . It is designed 
solely to produce molten iron and operates continuously, 
in that the solid raw materials (ore, coke and limestone) 
are charged at the top at regular short intervals, and 
the molten iron and slag which collect in the hearth 
are tapped out at longer intervals. Modern blast furnaces 
are commonly 80 to over 100 feet high, the larger fur- 
naces producing well over 1000 tons of molten iron per 
day. The development of the modern blast furnace will 
be described in Chapter 12. 


SECTION 3 

INDIRECT PROCESSES FOR MAKING WROUGHT IRON 


After furnaces which produced molten high-carbon 
iron became commonly employed in Europe, part of 
their product was used to produce iron castings by pour- 
ing the liquid metal into molds of the desired shape. 
Such cast iron had limited usefulness, .since it w.as in- 
herently hard and brittle due to its high-carbon content 
and the presence of other elements that entered the iron 
during reduction of the iron ore. It was not malleable, 
that is, it could not be shaped at any temperature below 
its melting point by either hammering or rolling. 

In order to utilize the high-carbon product of these 
furnaces for making forged or wrought articles, it was 
necessary to develop purifying processes that would 
remove the excess carbon, manganese, silicon, etc., from 
the impure iron to produce relatively soft, malleable 
wrought iron that would have the same general compo- 
sition and characteristics as the iron formerly produced 
directly from the ore in the Catalan and similar proc- 
esses. As might be expected, a very great number of 
methods were developed in different localities. Two 
types of processes eventually became prominent: the 
charcoal -hearth processes and the puddling process. 


Since the production of wrought iron from ore by any of 
these processes involved two separate steps: (1) re- 
ducing the ore to make pig iron and (2) remelting and 
purifying the pig iron to make wrought iron, they were 
referred to as indirect processes. 

Some of the most widely used charcoal-hearth proc- 
esses for purifying pig iron are described below (the 
Walloon, South Wales and Lancashire processes). 

Walloon Process — Just how, when, where, and by 
whom wrought iron was first produced from pig iron is 
unknown, though it is probable the process originated in 
Belgium. The first attempts were, no doubt, made in the 
forge or on a hearth such as those already described 
for the production of iron directly from the ore. Here 
the action of the air from the blast (by that time in 
general use) would, if the iron were handled properly 
during melting, result in the oxidation of the silicon and 
the greater portion of the manganese and carbon, giving 
a ductile and workable product. The first reference to 
the process in written records appeared about 1620, but 
by Uiat time the process had reached a stage of con- 
siderable development. Previous to that date, the 



Fig. 11—4. General arrangement of a Walloon hearth used 
for purifying pig iron to make wrought iron. 
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Walloons of Flanders had gone to Sweden, where they 
Jjad introduced the process, since known as the Walloon 
process. In this process a rather deep hearth with one 
or two tuyeres was used (Figure 11 — 4) , With the hearth 
filled with charcoal and heated to a high temperature, 
the pig iron, in the form of long pigs, was fed into the 
fire so that the lower end of the pig would be gradually 
molted, and the molten metal would trickle to the bottom 
directly in front of the blast. The metal, desiliconized 
and decarburized by the oxygen in the air blast, would 
collect as a pasty mass upon the bottom, being worked 
vigorously as it collected. The ball of pasty metal was 
then separated into lumps that wore raised above tuyere 
level and remelted. The new ball formed on the bottom 
was then removed from the hearth and hammered into 
a bloom. The second melting freed the metal from much 
of its entrapped slag. The pig used in Sweden, since it 
was reduced from the famous Dannemora ore in char- 
coal furnaces, was exceptionally low in silicon, sulphur 
and phosphorus, hence was especially adapted to this 
process. 

South Wales Process — Few districts outside of Danne- 
mora are favored with ore so free from phosphorus, or 
were able to continue using charcoal for fuel for such a 
period of many years. Tlie use of coke in the blast fur- 
nace leaves no alternative but the production of high- 
silicon iron, if the sulphur content is to be kept suitably 
within limits. At the lower temperatures necessary to 
produce low-silicon iron, more of the sulphur content 
of the coke will be picked up by the iron. Such iron, 
high in sulphur and silicon, could not be purified in a 
single operation, as in the Walloon process, whore the 
purification was carried on in the combustion chamber 
with the metal and .slag in contact with the fuel. It was 
found, however, that this iron could be purified and 
converted into wrought iron very readily in two stages. 
The South Wales process (sometimes confused with the 
Lancashire process) was a typical two-stage process. For 
the first stage, a small, rectangular, water-cooled hearth, 
surmounted by a stack and provided with n number 
of tuyeres, was used. In some ca.ses, this hearth was a 
.separate structure; in other cases this hearth for melting 
the pig iron formed part of a two-hearth furnace in 
which the melting hearth was slightly above the second 
hearth where final refining took place. When a separate 
melting hearth was employed, coke was used as fuel to 
melt the pig iron; for refining the melted iron, the second 
hearth was ‘fired with charcoal. When the two hearths 
were incorporated into one furnace structure, charcoal 
was used as fuel in both. Sometimes two charcoal 
hearths were served by one melting hearth that tapped 
directly into them. The hearths ^yere known by various 
names. The melting hearth, when separate, was called 
the refinery, or refinery fire, if the metal tapped was 
allowed to partially or completely solidify before being 
transferred to the second hearth. If the metal was 
allowed to flow directly from the refinery into the second 
hearth or hearths, as in the two-hearth furnace, the 
melting hearth was known as the melting finery or 
running-out fire. In both cases, the second hearth was 
known as the finery, charcoal finery or, more often, 
knobbling fire. 

With a good fire burning upon the melting hearth, 
alternate charges of coke and pig iron were made upon 
it. As the metal melted, it would collect upon the bottom 
of the melting hearth where the blast from the tuyeres 
impinged upon it, oxidizing the silicon and some of the 
phosphorus along with a part of the iron. Assuming that 
the melting hearth in fiiis case was a separate unit, when 
a sufficient quantity of partially purified and partially 
solidified metal had collected, it was transferred to the 


second hearth from the melting hearth, being piled in 
front of the tuyere and completely remelted while ex- 
posed to the blast. During the remelting, the metal was 
worked constantly and repeatedly raised slightly off 
the bottom, which treatment promoted the oxidation of 
the carbon. As the carbon was being removed, the metal 
gradually assumed a pasty condition, when it was 
worked into a ball, taken from the furnace, and ham- 
mered. 

Lancashire Process — The Lancashire process differed 
essentially from the South Wales process, to which its 
name was sometimes loosely given, in that the pig iron 
was both melted and refined in a single hearth using 
charcoal as fuel. With some of the slag left from the 
previous operation to cover the bottom, the hearth 
was piled with charcoal up to above the tuyeres. The 
pig iron in lumps was placed on top of the charcoal 
pile, covered with more charcoal, and the blast turned 
on. The pig iron melted in drops which became partially 
decarburized in passing through the tuyere area and 
collected on the bottom. When all of the pig was melted, 
it was worked with bars to mix it with the slag and be- 
come thoroughly purified. As purification proceeded the 
metal became stiff and pasty, and when purification was 
completed the pasty mass was raised above the tuyeres 
and melted down again to free it from the intermingled 
slag. The pa.sty lump resulting from the remelting proc- 
ess was then taken from the furnace and hammered into 
a bloom. 

These three are only a few of the many typos of 
charcoal -hearth indirect proce.sses developed for puri- 
fication of pig iron to produce wrought iron. 

Hand Puddling Processes— About 1613, Rovenson in- 
vented the reverberatory furnace, which he described 
as a bloornery, finery or chaffery “in which the material 
to be melted or wrought may be kept divided from the 
touch of the fuel,** but it was not employed for purifying 
pig iron until 1766, when the Cranege brothers received 
a British patent on a process which later came to be 
known as puddling. With careful manipulation of a 
reverberatory furnace, they were able to convert “white 
iron,’* or pig iron from which most of the silicon and 
phosphorus had been removed in a refinery, as de- 
scribed under the “South Wales Proco.ss,** into a good 
malleable form of iron by the use of raw coal alone for 
fuel. In 1784, Henry Cort hollowed out the bottom of 
the furnace so as to contain the metal in the molten state, 
then by agitating this “puddle** or bath of metal with an 
iron bar or paddle he was able to convert white or 
partially-refined pig iron into a malleable form 
(wrought iron), the carbon being burned out by the 
oxidizing gases of the furnace atmosphere. 

As the furnace bottom was made up of sand, it was 
rapidly fluxed away by the iron oxide formed. Besides, 
the process consumed much time and was wasteful of 
iron, the yield being less than 70 per cent of the metal 
charged. These objectionable features were largely 
overcome by Joseph Hall, who, in 1830, substituted old 
bottom material for the sand, thus introducing the iron 
oxide bottom, which adapted the process to any grade of 
iron, shortened the time of the heats, and increased the 
yield to about 90 per cent. On account of the boiling 
action of the bath caused by the rapid oxidation of the 
carbon by the oxides on the bottom. Hall’s process came 
to be known as the pig boiling process. Later, this process 
became the leading method for the production of 
wrought iron. 

The original method was designated as dry puddling 
because of the small quantity of slag formed, the slag- 
forming impurities having been removed in the refinery 
(see “South Wales Process,” above). Hall, or his asso- 
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ciates, also introduced the use of air-cooled iron plates 
for supporting the bottom and sides, which materially 
increased the life of the furnace. During the next 30 
years, few changes were made in the process, for the 
new process was so far superior to previous ones that 
there was left little incentive for improvement. This 
attitude was changed, however, with the introduction of 
the pneumatic, or Bessemer, process in 1856. Then, in 
order to overcome competition of the Bessemer steel, 
and incidentally lessen the labor of puddling, which, 
like all its predecessors, was very arduous, hundreds of 
attempts were made to improve and cheapen the process 
(see Section 8, “Mechanical Puddling”). Few of these 
attempts were successful, and even the most promising 
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of the successful ones, for various reasons, failed of uni- 
versal adoption. 

Between the years 1920 and 1930, however, hand 
puddling was almost entirely abandoned to be sup- 
planted by the Ely mechanical puddlcr and the Aston 
process, the former duplicating conditions of hand 
puddling as closely as possible and the latter employing 
radically different principles and methods to obtain a 
similar but more uniform product. These three methods 
are briefly described in the following sections not only 
because they will help to define wrought iron and 
illustrate different methods of producing it, but also 
because they supply some fundamental knowledge as an 
introduction to the study of steelmaking processes. 


SECTION 4 

CONSTRUCTION OF THE HAND PUDDLING FURNACE 


Although various modifications were introduced in 
the construction of puddling furnaces, affecting both size 
and design, the tendency was to adhere to the smaller 
and simpler types, such as the one shown in Figure 
11 — 5. This type was known as a single furnace, had a 




capacity rating of 500 pounds per heat, and was coal- 
fired. The furnace was made up of three parts: the 
grate, or fireplace, located at one end of the furnace; 
the neck, or flue, at the opposite end, leading to the 
stack; and the hearth, or puddling hasin, centrally lo- 
cated between the grate and the neck. The furnace was 
constructed entirely of brick, but was encased on the 
sides by a shell of iron plates held in place by tie rods. 
As the furnace was of the reverberatory type, all these 
parts were covered by an arched roof which sloped 


from the fireplace to the uptake flue at an angle of 8 
to 10 degrees. The roof over the fireplace was built of 
firebrick, but usually silica brick were used over the 
hearth and neck. The fireplace, which measured about 
3V2 feet in length, 2 % feet in width, and 3V4 feet in 
height at the rear, was enclosed on each side by 12- inch 
firebrick walls and at the rear by a 9-inch wall of the 
same material. To support the fire bed the space over 
the ash pit was bridged with iron bars. About 16 inches 
above the bars a 10-inch square hole in the firebox on 
the front side of the furnace was provided for firing. 
The neck, at the other end of the furnace, was an in- 
clined firebrick flue, frequently lined with a course of 
best-quality silica brick. The neck terminated in a short 
uptake, or vertical flue, that led to the stack, which was 
independently supported upon a mantle. At the base of 
the uptake, directly opposite the neck, was an opening 
or door, called the floss hole, which was provided pri- 
marily for the removal of the cinder that was carried, 
or overflowed, from the puddling basin. 

The hearth, or puddling basin, was the most vital part 
of the furnace. Externally, the bottom of this basin con- 
sisted of three iron plates, 1 inch thick, which were sup- 
ported upon four heavy bearer bars laid transversely 
across the space between the side walls of the furnace. 
This construction provided all the benefits of air cooling. 
A low brick wall, laid across the furnace and known as 
the bridge, separated the hearth from the fireplace and 
also served as a backing for one end of the basin. At 
the opposite end of the hearth, a somewhat lighter and 
lower wall, known as the breast wall or altar, separated 
the basin from the neck. Imbedded in each of these walls 
next to the lining, was a hollow iron casting, called a 
chill, through which air or water was circulated to keep 
these parts cool. The other two sides of the basin were 
supported by the walls of the furnace itself, and were 
similarly air-cooled. The back wall was built up solid 
to the roof, but the front wall contained the arched 
opening to the hearth. The sides of this opening were 
made of specially formed silica brick, known as the 
jambs, while its bottom was made of a heavy iron plate 
called the fore plate. This opening was closed by a brick- 
lined sliding door, in the bottom of which was a small 
U-shaped opening, the rabbling hole, through which 
tools for working the heat could be inserted without 
raising the door. 

Before the newly-built furnace was put into pro- 
ductive operation, a smooth one-piece working bottom 
or basin was built up in the hearth. The details of this 
operation were varied considerably with equally good 
results. In general, the bottom was composed of a 
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refractory fettling composed mainly of the ferrosoferric 
oxide of iron (Fe^O^). Certain grades of ore or of 
heating-furnace cinder were frequently used, but more 


often the bottom was made by applying, oxidizing, and 
fritting in successive layers of fine iron cuttings (such 
as thread cuttings from a pipe mill) known as swarf. 


SECTION 5 

OPERATION OF THE HAND PUDDLING FURNACE 


With the hearth properly built up or repaired and the 
furnace in good working order and at a proper tempera- 
ture, about 500 pounds of pig iron were charged by hand 
through the door. Following this operation, occupying 2 
to 3 minutes, the purification of the pig iron and the 
process of puddling advanced by stages, known as melt- 
ing, clearing, boiling, balling and drawing. To achieve 
quick melting, the door and other openings were closed, 
the furnace was fired vigorously, and the pigs turned 
once or twice by the puddler or his helper. In this way 
the charge was usually melted within 20 to 25 minutes 
after charging. The molten metal, covered with a thin 
layer of slag, was then stirred or rabbled by the puddler 
to hasten the oxidation of the silicon, the manganese, 
and a part of the phosphorus, an operation known as 
clearing and requiring 8 to 10 minutes. As soon as the 
metal had cleared, as revealed by a change in its appear- 
ance, the puddler endeavored to bring on the boil by 
raising the temperature of the furnace, charging some 
dry roll scale (iron-oxide scale detached from bars in 
rolling), and stirring the bath vigorously. After some 
8 to 10 minutes of strenuous effort, the oxidation of the 
silicon and manganese was brought to a point where the 
carbon could also be oxidized. 

As the product of this reaction was the gas, CO, and 
since the slag was somewhat viscous, the action caused 
the latter to foam or boil and rise in the furnace. At 
this point the slag was permitted to flow from the fur- 
nace freely unless it was desired to hold the phosphonis 
high in the iron, when a little coal was added from time 



to time and as much of the slag as possible was held in 
the furnace. As the elimination of carbon became more 
rapid, the gas would escape in larger bubbles and burst 
into flame at the surface of the slag to form small flames 
called puddler’s candles. With the disappearance of the 
candles, the puddler increased the stirring of the bath 
during the lowering of the heat until the metal in terms 
of the puddler, would come to nature. In this phenom- 
enon, most characteristic of puddling, the metal ap- 
peared in small globules, like butter in churned milk, 
each globule representing a portion of the iron that had 
become decarburized. As this reaction neared comple- 
tion, the bath became pasty and very hard to work. This 
change occurred because the high-carbon pig iron, 
which was molten at that temperature, was converted 
to low-carbon iron, which is solid (though pasty) at the 
same temperature. The change progressed rapidly, last- 
ing only 6 to 8 minutes, so that in some 30 to 35 minutes 
after clearing the metal was ready for balling. 

The globules agglomerated by the rabbling tended to 
collect in masses on the bottom, which had to be raised 
constantly and exposed to tlie heat to prevent them from 
freezing to the bottom. So the temperature of the fur- 
nace was raised as high as possible, and the metal was 
worked into a mass which was next separated into three 
parts or balls of about 150 pounds each, a size convenient 
for handling with tongs. This operation required about 
15 minutes. Each ball in turn was then grasped by the 
tongs supported from the trolley (Figure 11 — 6) and 
drawn through the door. After the last ball was re- 


Fic. 11—6. Puddler re- 
moving a ball from a 
puddling furnace for 
transfer to the squeezer. 
This photograph, taken 
in 1949, shows one of the 
last puddling furnaces 
still in operation in the 
United States. (Cour- 
tesy, Lockhart Iron & 
Steel Company.) 
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moved, the furnace was permitted to cool to some ex- 
tent, and the bridge and breast were covered with a 
special ore mix. Any necessary patching of the bottom 


was done, and another charge of metal was placed on 
the hearth for the next heat. These operations required 
about 2y2 hours from heat to heat. 


SECTION 6 

ROLLING OF HAND-PUDDLED WROUGHT IRON 


Shingling or Squeezing the Ball — At one time the 
balls were worked into the form of a rough bloom with 
a hammer, an operation called shingling. Later, hammer- 
ing was superseded by the use of a device known as a 
squeezer, of which tliere were different types. One, 
known as the Burden squeezer, was most used (Figure 
11 -7) . It was of the rotary type and consisted essentially 
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Fig. 11—7. (Above) Schematic representation of the path 
of a puddle ball passing through a Burden squeezer to 
reduce it to a crude bloom for subsequent rolling. (Be- 
low) Elevation of the Burden squeezer. 

of a toothed cylinder mounted upon a vertical shaft so 
as to revolve within a section of a somewhat larger 
stationary cylinder set eccentrically to the revolving 
cylinder. Since the larger cylinder boro teeth or cogs 
on its inner surface and described only about three- 
fourths of a circumference, a ball placed in the larger 
opening between the cylmders was carried around the 
circumference by the smaller revolving cylinder to be 
compressed and discharged through the smaller opening 
in the form of a short round bloom. This action squeezed 
most of the excess slag out of the ball and compressed it 
into a form more suitable for rolling. As soon as the 
ball was delivered by the squeezer, it was grasped with 
tongs and at once delivered to the first pass of the 
rolling mill. 

Rolling the Squeezed Ball — ^The muck bar mill for 
rolling the squeezed ball into muck bar was usually a 
16- or 20-inch mill and consisted of a single stand or set 
of rolls, or of two stands in train; that is, end to end and 


coupled together. The fir.st pass was of the open-box 
type * with large fillets at the corners in order to take 
the cylinder from the squeezer, while the second pass, 
generally an edging pass, was of similar design, thus 
working the metal into the form of a round-cornered 
square and squeezing out more of tlie slag at each pass. 
The remaining passes were all of the closcd-box or 
tongue-and-groovc type for rolling the bloom into flats 
called muck bars, with some open -box edging passes 
for use in producing the narrow widths. The size of the 
muck bars, of course, was regulated by the product to 
be made from them and the manner or system used in 
forming the product. For ordinary bar iron, which was 
the chief product, tlic muck bar was usually about 3/4 
inch thick and 2 V 2 to 8 inches wide. Bars of these sizes 
required from 5 to 9 passes. On account of the rapid 
cooling of the bar in the rolls, it was not practicable to 
attempt to roll sizes smaller than these, as the slag was 
no longer fluid enough at this stage to be worked out 
of the bar. As slag was squeezed out of the bar at all 
passes in the mill, the muck bar had a very rough sur- 
face with some torn edges and was otherwise unfit to do 
service as a finished bar. Having been rolled to the size 
required, the muck bar was allowed to cool before being 
subjected to furtlier treatment. 

Variables in the Muck Bar — Owing to irregularities in 
the pig iron used, differences in manipulation by differ- 
ent puddlers, and in different plants, the small quantity 
of metal refined with each heat, and the fact that the 
metal solidified before purification was complete, muck 
bar was an exceedingly variable product. Since the re- 
tention of the characteristics of wrought iron did not 
permit melting, tliis variation had to be overcome 
through heat and mechanical treatments. To effect the 
necessary refinement, two methods were used, known 
as busheling and piling, followed by rolling. 

Busheling — Obviously, the surest way to obtain a 
thorough mixing of the iron, was to shear the muck 
bars into small pieces — the smaller the better. These 
small pieces from the different muck bars were allowed 
to collect in a pile, or piles, from which portions weigh- 
ing 180 to 600 pounds were removed with a scoop or fork 
and charged into a reheating furnace, called a balling 
furnace, where they were heated “white hot,” or to a 
self-welding temperature. With a paddle, these pieces 
were then collected into a ball, similar to a puddle ball, 
which was squeezed or shingled, then rolled or ham- 
mered into a bloom, which was then reheated and 
worked into the form desired. This process, known as 
busheling, was used for working up muck bar only 
when iron of the highest quality w'as desired. The 
process was also used in working up small scrap. In 
this case there was no necessity for shearing, and the 
cost of the scrap was usually considerably less than the 
cost of muck bar, but unless the scrap was very care- 
fully selected it was liable to contain much steel, in 
which case the iron produced was considered to be of 
inferior grade. 

Piling — The more common practice, therefore, was to 

* See Part 1 of Chapter 23 on “Rolling Mill Rolls and Their 

Parts” for descriptions of the roll passes mentioned here. 
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shear the muck bar into lengths of from 2 to 3 feet, then 
arrange these pieces in piles of from 5 to 7 or more each 
and bind tlie pieces together with wire or bands. The 
piles were carefully charged into a furnace and heated 
white hot. The high temperature caused the different 
bars to weld together, so that they could then be re- 
moved and rolled into bars. The first 2 or 3 passes 
squeezed out more and more of the liquid slag, but in 
the last passes the bar had cooled to a point where the 
slag was merely plastic and would not flow. Thus, a 
fairly smooth and uniform bar was produced, which 
would be sold as merchant bar, single- rolled iron, 
single-refined iron, or No. 2 iron. In order to attain the 
highest degree of uniformity, particularly with respect 
to distribution of slag fiber, the once-piled or so-called 
single-refined bars were in turn cut up into short 
lengths and repiled and rerolled. 

Double liefining — ^To further improve uniformity, 
then, merchant bar was cut up into short lengths, 
fagoted, reheated, and rerolled to produce the products 
known as double-rolled iron, double-refined iron, best 
bar, or No. 3 bar. The manner or fagoting (binding to- 
gether into a bundle) or piling these bars varied in 
numerous ways, and depended only in part upon the use 
to which the iron was to be applied. Therefore, each 
manufacturer generally had his own methods of fagot- 
ing, which imparted to his iron an individuality de- 
tected by etching. Some of the more common methods 
of fagoting are illustrated by the accompanying sketches 
(Figure 11 — 8). When these fagots were heated and 
rolled into bars, more slag was expelled, the bar was 
made more uniform in composition, and the fibers were 
much elongated and reduced in size. As a result, the 
bars showed an improvement in mechanical properties, 
including both strength and ductility. There was a limit, 
in addition to the factor of cost, however, to the number 
of times the iron could be worked to advantage. After 
five or six workings its physical properties began to be 
lowered, and the bars decreased in strength and were 
less ductile. The cau.se, or causes, of this change was 
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Fig. 11—8. Some of the more common metliods of fagoting 
or binding together piles of sinRle-refined wrought iron 
bars prior to heating for re-rolling to produce double- 
refined wrought iron bars. 


questionable; probably, it was due to the elimination of 
much of the silicate slag or possibly too much reheating 
and rcrolling caused the ferrous silicate fibers to be- 
come oxidized to the ferric condition, thus destroying 
some of the characteristics of wrought iron. Wrought 
iron in this condition was often referred to as dry iron. 


SECTION 7 

REACTIONS AND PROCESS LOSSES IN HAND PUDDLING 


The changes in composition of the pig iron during 
puddling involved the elimination, or oxidation, of silicon, 
manganese, phosphorus, and carbon about in the order 
mentioned. In these reactions, the oxidizing agents wore 
FeO and Fe.^O,,. That Fc^O.^ played little, if any, part in 
the reactions was evident from the fact that Fe^O.^ de- 
composed at temperatures above 2010” F (1100® C) to 
form Fe;,0.|. Also, it had been found that if hematite ore 
(FCm0.j) was used as the oxidizing medium, the boil 
canie on very slowly; but if roll scale (Fc.jO^ or 
Fe0 Fe 304 ) were used, the reactions proceeded with 
much greater speed. Nearly all of tlie silicon and man- 
ganese and a part of the phosphorus were oxidized be- 
fore the boil began, and at some period after melting 
and after the elimination of some of the silicon, the 
oxidation of all four elements, including carbon, might 
have proceeded simultaneously. 

A study of the probable reactions that occurred in 
puddling indicates that a gain in weight of the puddled 
iron over the pig iron used could be expected, because 
iron was formed by reduction from the slag in the 
elimination of practically all impurities. By careful 
manipulation, furnaces could be operated to show a 
slight gain or a very slight loss. Nevertheless, in ordinary 


working, there was a loss of from 3 to 6 per cent, which 
was sometimes a little more, at other times a little less, 
than the total of the impurities present. If the heat was 
properly handled, the loss was largely due to oxidation 
of iron after solidification had begun in the after-part 
of the boil and during the balling stage. If the heat was 
not skillfully handled, a variable part of the loss may 
have been due to the escape of the metallic granules 
with the “boilings” before the “heat was lowered.” In 
reheating and rolling the muck bar, there was a variable 
loss of from 10 to 20 per cent for each time the iron was 
worked depending upon the number of times it was 
worked, tlie manner of the working, and other factors 
incidental to the operations of heating and rolling. In 
general, these losses were due to surface oxidation of 
the metal in heating and rolling, expulsion of the slag, 
and cropping. Slag expulsion was the smallest item of 
loss, except in the case of muck bar, and depended 
mainly upon the number of times the iron was worked, 
but was also affected by the temperature at which the 
iron was worked, and the nature of the incorporated 
slag itself. The loss was a little greater on iron with a 
high phosphorus content than on iron low in phospho- 
rus. 
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SECTION 8 

MECHANICAL PUDDLING 


The never-ending competition in the iron and steel 
industry has been a constant spur to improve methods 
or lower costs of production. Just as the puddling proc- 
ess virtually eliminated the more primitive direct- 
reduction methods for the production of iron, so the 
Bessemer and open-hearth processes for the production 
of steel threatened the life of the wrought-iron industry. 
Even before the invention of these steelmaking proc- 
esses, much attention was given to improving the pud- 
dling process, because the process was costly and the 
labor arduous, and the furnace was wasteful of heat. 
With a reverberatory puddling furnace of the type de- 
scribed earlier, from 2000 to 2400 pounds of coal were 
u quired to produce one ton of muck bar. This con- 
sumption of fuel was reduced somewhat by the use of 
double furnaces with enlarged hearths, but, since the 
application of regenerative and recuperative furnaces 
.'ippears to have been impracticable, efforts along this 
line failed to achieve much in the way of lowering costs. 
The installation of waste-heat boilers in the stacks 
effected marked economies, and their use became gen- 
eral. To overcome the high labor co.st, many attempts 
were made to carry oiat the puddling operations me- 
clunically. Such was the situation up to about 1880 
when the Danks puddling furnace appeared. From this 
time up to 1925, wrought iron lost ground to steel in 
f,pitc of several efforts to revive it. In the meantime, 
however, it came to be recognized as a product with 
characteristic properties unlike those of steel, and in 
1925 attempts to revive the industry were noted. These 
endeavors advanced along two lines, the one mechanical 
and the other metallurgical, the former aiming to dupli- 
cate the process of hand -puddling as closely as possible 
and the latter aiming to produce a material having all 
the characteristics of wrought iron through the use of 
the same metallurgical principles but applied in a 
manner entirely different from that of hand puddling. 
These two lines of effort are described under the head- 
ings of mechanical puddling and the Aston process, the 
latter representing a successful and most revolutionary 
method of producing wrought iron by A. M. Byers Com- 
pany, 


Principles of Mechanical Puddling— At first these me- 
chanical puddlcrs took the fonn of stirring or rabbling 
appliances that could be attached to die lop of the ordi- 
nary furnace. Because of the great variety of motions 
necessary in the different operations of charging, raising 
and stirring the heat, balling the iron, and drawing the 
balls, none of these were successful. The more success- 
ful attempts at mechanical puddling have involved a 
complete change in the design of the furnace, and some 
changes also in the process. These attempts have been 
too numerous to warrant description here. The furnaces 
themselves may be classified as follows; 

1. The rectangular furnace that oscillated about a 
horizontal axis of rotation. 

2. The circular flat-bottom furnace that revolved 
about an axis slightly inclined to the vertical. 

3. The circular furnace with flat or troughlike bottom 
that oscillated about a horizontal axis of rotation. 

4. The cylindrical furnace that rotated about a hori- 
zontal axis coincident with the center. 

5. The cylindrical furnace that oscillated about a 
horizontal axis coincident with the center, or both 
oscillated and rotated about such an axis. 

Furnaces built on any of these plans were made to 
puddle iron successfully, but those of the fourth and 
fifth types were most successful, partly on account of 
the facilities they afford for controlling the agitation of 
the metal, and partly because of the simplicity of their 
construction. Tl\e Danks furnace, somewhat widely used 
in this country from 18G8 to 1885, was of the fourth type, 
while the Koe furnace, built and successfully operated 
in 1905, is of the third type. H. D. Hibbard^s furnace, first 
operated on a commercial scale in 1921, was somewhat 
similar to the Danks furnace. The Ely furnace, patented 
by W. C. Ely, was first designed for busheling scrap but 
was later (about 1920) applied to the puddling of iron. 
It represents the fifth type, and, along with the Roe 
furnace, survived until recent years as two successful 
mechanical methods for making wrought iron. 


SECTION 9 

THE ASTON PROCESS ♦ 


From the descriptions given in the preceding sections, 
it is apparent that the basis of wrought-iron manufac- 
ture consists in refining the base metal to a close ap- 
proach to pure iron, and incorporating therein an iron- 
silicate slag of desirable chemical composition in proper 
amount and distribution. Obviously, as has been brought 
out previously, several correlated steps are involved, 
quite distinct in nature and capable of separation, but 
carried out in the usual methods for hand or mechanical 
puddling as one interconnected operation. Departing 
radically from these former methods is the Aston process 
developed and put into large scale operation by the 


* Special acknowledgment is made of the assistance ren- 
dered by A. M. Byers Company, in the preparation of 
this section. 


A. M. Byers Company of Pittsburgh. In this proce.ss, 
metal refining, slag melting, and processing to form the 
slag-impregnated sponge ball are carried out as separate 
stages, each stage in a separate furnace or kind of equip- 
ment. The last stage is the crux of the proce.ss, and is 
based upon a positive and effective physico-chemical in- 
fluence; namely, the change in gas solubility from a very 
high amount in molten iron to an amount practically 
negligible on solidification. This stage of the Aston 
process is carried out by pouring the refined metal in a 
continuous stream into a large volume of molten slag. 
The slag acts as a heat absorbing agent which effects 
solidification of the metal, with accompanying liberation 
of its dissolved gases, at a steady rale and with a force 
sufficient to disintegrate the plastic metal into a spongy 
mass, conforming in all particulars to the characteristics 
of high-quality wrought iron. 
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Fig. 11—9. Three cupolas 
engaged in the continu- 
ous melting of Bessemer- 
grade pig iron to pro- 
duce molten iron for re- 
fining in the converter 
shown in Figure 11—11, 
(Courte.sy, A. M. Byers 
Company.) 


A large plant, with a daily capacity in excess of 1000 
tons, is in operation in the Pittsburgh district. The 
essential features of the operation arc illustrated in the 
accompanying Figures 11 — 9 to 11 — 14. 

In the absence of hot metal from a blast furnace, 
standard Bessemer pig iron is melted in three cupolas 
operating continuously to produce molten iron for sub- 
sequent refining (Figure 11—9). 

The iron-silicate processing slag is melted to exacting 
chemical requirements in special furnaces, which are 
described later (see also Figure 11 — 10), and then trans- 
ferred to tlie processing cups. 

Molten iron from the cupolas is blown to the low 
metalloid content of “full-blown” Bessemer steel in an 
acid-lined converter (Figure 11 — 11), and the highly 
refined metal is poured at an automatically controlled 
rate into a cup or thimble holding molten slag (Figure 
11 — 12). After the metal from the converter has been 


poured, the surplus slag is poured from the thimble, 
leaving the white hot sponge ball of wrought iron 
(Figure 11 — 13). This sponge iron is first pressed into a 
bloom of rectangular section (Figure 11—14) and is 
then rolled into slabs or billets. 

Equipment for melting iron-silicate slag for the 
processing operation (sponge-making) , and for incorpo- 
rating in the matrix of iron, consists of four rotary 
furnaces. These furnaces, which are fired with oil or 
powdered coal, have no refractory lining and are op- 
erated in such manner that the lining material is com- 
posed of the same silicate slag that is being melted. This 
eliminates all contamination which would occur with 
customary refractory linings and makes it possible to 
produce the iron-silicate slag for processing to a very 
exacting chemical composition. 

The key operation is effected by pouring the converter 
metal in a steady stream into a “x>i*ocessing cup” or 


Fic. 11—10. Rotary fur- 
nace fired with pulver- 
ized or powdered coal 
for melting iron-silicate 
processing slags used in 
the Aston process for 
making wrought iron. 
(Courtesy, A. M. Byers 
Company.) 
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Fig. 11—11. Acid Bes.semer converter in 
operation purifying molten pig iron to pro- 
duce full-blown metal for the Aston process 
for making wrought iron. (Courtesy, A. M. 

Byers Company.) 

vessel containing molten slag as illustrated by Figure 
11- -12. The metal ladle is automatically oscillated and 
moved forward and backward, insuring uniform dis- 
tribution of metal into the slag. A sponge ball results as 
explained heretofore. The general size of bloom in 
present practice is tliree to four tons, and the pouring 
rate is one ton per minute. 


riiooe«siN« 
mktal ladle 



Fig. 11—12. Forming the slag- impregnated 
sponge ball characteristic of the Aston 
process for making wrought iron by pour- 
ing refined blown metal into molten slag. 
(Courtesy, A. M. Byers Company.) 



Fig. 11 — 13. Decanting surplus slag from the 
processing cup, leaving the slag- 
impregnated, white-hot sponge ball of 
wrought iron. (Courtesy, A. M. Byers Com- 
pany.) 


These processing cups are on cars, so that the decant- 
ing of surplus slag and the dumping of the sponge ball 
(Figures 11 — 13 and 11 — 14) can be effected at a station 
remote from the pouring platform. 

Pressing and rolling follow, using the original heat of 
the ball, to form intermediate products such as billets 
or slabs conforming to standard mill practice. Furnaces, 
mills, and auxiliary equipment, as well as man power, 
follow closely the standards of the modern rolling mill. 
In view of the large mass of the pressed bloom, most of 
the product — skelp, plate, etc. — is rolled from reheated 
solid sections, in marked contrast to older wrought-iron 
practice of building muck bar piles. 



Fic. 11—14. White-hot sponge ball of wrought 
iron on the table of the machine which 
squeezes it into a rectangular bloom prior 
to rolling. (Courtesy, A. M. Byers Com- 
pany.) 
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SECTION 10 

COMPOSITION, STRUCTURE AND PROPERTIES OF WROUGHT IRON 


Chemical Composition of Wrought Iron — Chemical 
composition has a place in the determination of wrought- 
iron quality comparable with its importance in the steel 
industry. One must bear in mind, however, that the 
customary metalloids may be, in greater or lesser degree, 
alloyed with the base metal or associated as oxidized 
constituents with the intermingled slag. The commonly 
reported composition of wrought iron lists the carbon, 
silicon, sulphur, phosphorus, and manganese of the 
composite mass. The ideal analysis should separate the 
metal from the slag, and reveal the metalloid distribu- 
tion between the two. On the basis of analyses as com- 
monly made, the following statements apply to wrought 
iron of high quality; Carbon content is generally 0.02 to 
0.08 per cent, the lower percentages being more typically 
representative. Silicon content is 0.10 to 0.20 per cent, 
normally almost negligible in alloyed association with 
the metal, and existing almost entirely as silicates in the 
slag. Sulphur is always undesirable, and in well-made 
wrought iron, it should be under 0.03 per cent. A sulphur 
content of 0.025 per cent or under is quite common in 
quality wrought iron. Phosphorus is almost invariably 
higher in wrought iron than in steel. It must be borne 
in mind that phosphorus is in part dissolved in the base 
metal, and in part associated with the slag. Good wrought 
iron may have a phosphorus content of from 0.10 per 
cent or less to 0.25 per cent or more, according to manu- 
facturer’s preference, nature of raw materials, or adapta- 
bility to service conditions. The lower order is advisable 
for materials subjected to shock, high temperature, or 
requiring higher ductility. Manganese is usually under 
0.05 per cent, due to refining conditions and to the fact 
that there are no after additions. This characteristic of 
real wrought iron has caused a manganese content of 
0.10 per cent or more to be taken as indicative of steel 
scrap adulteration. Low manganese in wrought iron has 
usually been an earmark of quality, although there is no 
logical ground for condemning an otherwise well-made 
product because of a relatively high manganese content. 

Macroscopic Structure of Wrought Iron — In view of 
the composite nature of wrought iron, its quality is ob- 



Fic. 11—15. Photomicrograph at lOOX showing typical 
structure of wrought iron parallel to the direction of 
rolling. White areas are the highly refined iron matrix. 
Dark gray elongated lines are iron-silicate slag filaments. 
(Courtesy, A. M. Byers Company.) 


viously affected by the nature of the association of base 
metal and slag. Methods of disclosing this internal struc- 
ture have an importance greater even than the promi- 
nent place which the metallurgist assigns to them in the 
study of steel. Wrought iron exhibits a well-recognized 
fibrous fracture. The fracture test is a good over-all 
means for determining the general characteristics of 
wrought iron, but it should not be relied upon solely. 

Macroscopic etching will reveal gross structure, re- 
flecting such features of manufacture as methods of pil- 
ing, and general slag distribution. Deep etching has a 
useful place but, like the fracture test, gives only a 
limited amount of information pertaining to the finer 
points of quality. 

Microscopic Structure of Wrought Iron — ^Wrought iron 
consists essentially of a ferrite matrix, through which 
the slag is unifonnly disseminated in the form of several 
hundred thousand filaments per square inch. Important 
disclosures of the microscope are: 

a. Grain Size — Coarse grain, distortion, or lack of uni- 
formity have a bearing upon quality in relation to 
mill history and use of product. 

b. Pearlitic areas indicate the quantity and nature of 
distribution of the carbon, generally practically 
negligible or quite small in amoxmt in real wrought 
iron. 

c. Slag — Type and Distribution — Coarse, pocketed 
slag is undesirable. Finer textures result from 
progressive rolling reductions, and promote better 
mechanical properties, especially ductility. 

d. Chemical Composition — The microscope is of no 
value in detection of alloying elements in solid 
solution in the base metal; for example, manganese, 
nickel, silicon, copper, etc. 

Two photographs (Figures 11 — 15 and 11 — ^16) illus- 
trate typical structures and features related to the 
quality characteristics of wrought iron. These micro- 
graphs are of wrought iron produced by the A. M. Byers 
Company (Aston process), and show a typical longi- 
tudinal structure and a typical transverse structure. 



Fig. 11—16. Photomicrograph at lOOX showing typical 
structure of wrought iron perpendicular to the direction 
of rolling. White areas are the highly-refined iron matrix. 
Dark areas are cross-sections of iron-silicate slag fila- 
ments. (Courtesy, A. M. Byers Company.) 
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Mechanical Properties of Wrougfht Iron— The mechan- 
ical properties of wrought iron are essentially those of 
pure iron, modified only slightly in general practice by 
inetalloid content of the base metal and profoundly by 
the quantity and distribution of the incorporated slag. 
Up to certain limits, the ductility is increased by greater 
work in forge or mill, which causes a finer and more 
threadlike distribution of the slag. This is reflected in the 
common practice of the puddle mill of once or twice pil- 
ing in products designated as “single” or “double- 
refined” iron. Obviously, a similar result will be acliieved 
by rolling relatively large initial blooms into small final 
sections. 

In comparison with steel or ingot iron, the longitudinal 
ductility of wrought iron is somewhat lowered, due to 
idag incorporation, while the transverse strength and 
ductility are markedly reduced. However, rolling history 
IS an important factor with respect to quantity and direc- 
tion of reduction. 

The values below are representative of tensile prop- 
erties for various wrought-iron products, compiled from 
standards of the American Society for Testing Materials. 
Because of the physical size of the products listed, only 
the longitudinal properties are reported, except for plate 
for which both longitudinal and transverse properties 
are given. 

BAR IRON— SINGLE-REFINED 

Under IV 4 Sq. In. Section 

Tensile strength, lb. per sq. in 48,000 (minimum) 

Yield point, tensile strength factor. . .0.6 

Elongation in 8 in., per cent 25 (minimum) 

Keduction of area, per cent 45 (minimum) 

BAR IRON— DOUBLE-REFINED 

Under VA Sq. In. Section 

Tensile strength, lb. per sq. in 48,000 — 52,000 

Yield point, tensile strength factor. . .0.6 

Elongation in 8 in., per cent 28 (minimum) 

Beduction of area, per cent 48 (minimum) 
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The higher ductility accompanying greater work is re- 
flected in the figures for double-refined material. For 
heavy sections, such as large diameter bars and forgings, 
strength and ductility requirements are somewhat 
lowered. 

WELDED PIPE 

Tensile strength, lb. per sq. in 40.000 (minimum) 

Yield point, lb. per sq. in 24,000 (minimum) 

Elongation in 8 in., per cent 12 (minimum) 

Herein are reflected the effects of high temperatures in 
welding, and the lessened stretch in testing tubular sec- 
tions. However, where special precautions are taken in 
the making of pipe for bending purposes, the ductility 
figures are bettered in practice by .several per cent in the 
elongation obtained. 

PLATE 

Under normal rolling practice, plate exhibits the maxi- 
mum of difference in longitudinal and transverse prop- 
erties. The A.S.T.M. specifications for usual rolling re- 
quire plate meeting the following tensile properties: 

Tensile strength, lb. per sq. in. 

Longitudinal 48,000 (minimum) 

Yield point, lb. per sq. in. 

Longitudinal 27,000 (minimum) 

Elongation in 8 in., per cent: 

Longitudinal 14 (minimum) 

Transverse 2 (minimum) 

By proper attention to rolling practice, it is feasible to 
equalize the properties, so that a specification require- 
ment of a tensile strength of 39,000 lb. per sq. in. (mini- 
mum) and an elongation in 8 in. of 8 per cent (minimum) 
in either direction may be obtained. This feature is of 
great value in producing plate for flanging or other 
forming purposes. 



Chapter 12 

THE MANUFACTURE OF PIG IRON 


SECTION 1 

HISTORY, PRODUCTION AND KINDS OF PIG AND CAST IRON 


No one knows when man first used iron, for that date 
belongs to prehistoric times. Meteorites probably sup- 
plied early man with the first specimens of the metal; 
knowledge of how to obtain iron from its ores came 
much later. Archeological research can establish only 
that iron has been in use through a period of about 
four thousand years. There is thought to be some evi- 
dence of its use by the Egyptians in building the pyra- 
mids, about 3000 B.C., but this use is questionable. As 
to its use by the ancient Hebrews, by the Assyrians 
about 1400 B.C., and by the Greeks, there is less doubt. 
The arts of the Greeks, which involved little iron, were 
followed by those of the Romans, who became somewhat 
proficient in its metallurgy. The Romans, through their 
numerous and extensive conquests, the success of which 
they no doubt owed to the use of metals in making their 
instruments of war, spread the art of extracting and 
fashioning iron throughout Europe. Some knowledge 


of the metal, however, had preceded them, for Caesar, 
crossing the English Channel, found it in use among 
the native Britons. During the Roman occupation of 
England, the industry grew to one of importance. At 
that time, and for centuries thereafter, iron was obtained 
by heating ore and charcoal in a furnace or forge, until 
there had collected a small body of pasty metal which 
then was drawn and worked by hammering to make 
wrought iron. Such methods were described in Chap- 
ter 11. 

It is also described in Chapter 11 how, around 1350 
A.D., the ironmakers of Central Europe developed 
furnaces that would melt iron and permit of casting; 
this was iron with a high carbon content— cast iron.- 
This result they accomplished in a new type of furnace, 
built of masonry, which enclosed a shaft or vertical 
opening in the form of two truncated cones placed base 
to base— in a crude way, the lines of the modern blast 
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furnace. The lower frustrum came to be known as the 
bosh and the upper frustrum as the shaft. In this fur- 
nace, ore, flux, and charcoal were charged in at the top 
of the shaft, while air, under relatively very low 
pressure, was blown in near the bottom of the bosh. 
This method was introduced into England about the 
year 1500 where, in 1619, coke was first used as fuel, to 
be followed about 200 years later by the introduction of 
hot blast. In America, an iron works was established in 
Virginia on the James River, about 1619; this was de- 
stroyed in an Indian raid in 1622 and never rebuilt. The 
Hammersmith (now Saugus) , Massachusetts iron works 
(recently restored) was begun in 1645 and was the first 
successful iron works in what is now the United States, 
not being abandoned until 1675. 

The American furnaces of a period as recent as one 
hundred years ago now would be called very crude 
affairs. Portions of some of them still are standing. They 
were usually in the form of a truncated cone or pyra- 
mid, twenty to thirty feet high, and constructed of 
stonework which enclosed a shaft, about four feet across 
at the top and eight feet at the bosh. The hearth was 
either round or square in cross section. The capacity 
ranged from one to six tons a day. About the middle of 
the Nineteenth Century, the size of furnaces began to 
be increased, and by the year 1880, the output gradually 
had been raised to neaily 100 tons per day, with a daily 
coke consumption of nearly 300 tons. With all the basic 


principles in use for so lon^ a time, it may seem surpris- 
ing that progress toward greater efficiency was made 
so slowly. About 1880, in the vanguard of the great in- 
dustrial expansion, very rapid advancement began to be 
made, so that now there are furnaces, the daily pig-iron 
output of which exceeds 1,600 tons with a fuel consump- 
tion of less than 1,500 pounds of coke per ton of iron 
produced. A diagrammatic sketch of a modem blast 
furnace and its principal auxiliaries is shown in Figures 
12 — ^1 and 12 — 2. 

Attention is called to these facts because it is well to 
remember, in beginning the study of ihe modem blast 
furnace, that the present method for the extraction of 
iron from its ores represents a very old pyrochemical 
process which only recently attained its present high 
state of engineering development. 

The Importance of Pig Iron — ^Pig iron, besides being 
used directly in the form of castings, is the intermediate 
form of iron through which all commercial ferrous 
products, except sponge iron, must pass. Its importance 
is emphasized by Table 12 — I, which summarizes yearly 
production for the United States during the twenty -five 
year period from 1930 to 1954, inclusive. 

Kinds and Grades of Pig Iron — Pig iron is defined as 
the direct metallic product, either solid or molten, of a 
blast furnace smelting iron ore, though it is possible to 
make a similar material in other ways, for example, by 
melting steel scrap with an excess of carbon in an 


Table 12 — Chief Metallic Products of the Blast Furnace 


Maximum Range in Composition 


Product 

Silicon 

(%) 

Sulphur 

(%) 

Phosphorus 

(%) 

Manganese 

(%) 

Total Carbon 
(%) 

Remarks 

I’oundry Pig Irons 

Graded in steps of 

Tolerance, variation 
from per cent 

1.00 to 4.00 
0.50 

0.04 to 0.10 

0.01 

0.10 to 2.00 
0.20 

0.20 to 1.50 
0.20 

3.00 to 4.50 

Only the 


ordered 

Most used grades: 

^025 

Only max. to 
be specified 

^0.15 

zt020 

min. to be 
specified 


Northern Foundry . 

1.75 to 2.50 

Under 0.05 

0.150 to 0.70 

0.5 to 1.00 

4.0 to 4.3 

C not specified 

Southern Foundry . 
Malleable Pig, 

1.75 to 2.25 

Under 0.05 

0.7 to 0.9 

0.40 to 0.75 

3.75 to 4.1 

C not specified 

Standard 

Graded in steps 
of 

1.25 to 2.25 

0.25 

Under 0.05 

0.1 to 0.19 

0.05 

0.4 to 1.00 

0.20 

3.75 to 4.30 

Not tc 
specified 


Gray Forge 

1.20 to 1.75 

Under 0.05 

0.1 to 0.35 

0.5 to 1.00 

4.15 to 4.40 

C not specified 

Puddling Iron 

0.75 to 2.50 

Under 0.05 

0.1 to 0.50 

0.5 to 1.00 

4.10 to 4.40 

Cr < 0.01 

Acid Pig, Bessemer .... 

1.00 to 2.25 

Under 0.045 

0.04 to 0.1 

0.5 to 1.00 

4.15 to 4.40 

C not specified 

” Open Hearth . 

0.70 to 1.50 

Under 0.045 

Under 0.05 

0.5 to 2.50 

4.15 to 4.40 

C not specified 

Basic Pig, Open Hearth 
” Bessemer 

Under 1.50 

Under 0.05 

0.11 loO.OO 

0.4 to 2-0 

4.10 to 4.40 

C not specified 

or Thomas 

0.3 to 1.00 

Under 0,20 

1.9 to 2.5 

0.7 to 2.5 

3.50 to 4.0 

C not specified 

Duplex Iron 

Special Low 

1.2 to 1.75 

Under 0.060 

0.7 to 1.5 

0.4 to 0.90 

4.00 to 4.20 


Phosphorus Iron 

Under 2.00 

Under 0.035 

Under 0.035 

Under 2.00 


C not specified 
C not specified 

Spiegel (3 grades) 

Silicospiegel 

Under 1.25 
8.0 to 15.00 

0.03 to 0.05 
Under 0.02 

0.14 to 0.25 
Under 0.15 

16 to 30 

15 to 20 

5.0 to 6.5 

Ferromanganese 

Blast Furnace 
Ferrosilicon, Silvery 

0.5 to 1.00 

Under 0.05 

0.2 to 0.35 

78 to 82 

6.5 to 7.5 

C not specified 

Pig 

6.00 to 17.00 

Under 0.05 

0.10 to 0.40 

0.30 to 2.00 

0.75 to 1.0 

C not specified 

Ferrophosphorus 

1.5 to 1.75 

Under 0.05 

15 to 24 

0.07 to 0.50 

1.10 to 2.0 

C not specified 






Fig. 12—2. Idealized cross-section of a typical modem blast-furnace plant. Details may vary from plant to plant. 


Legend 


A. 

Ore bridge 

J-5 Small bell 

P. 

Downcomer 

B. 

Ore transfer car 

J-6 Large bell 

Q. 

Hot blast line to furnace 

C. 

Ore storage yard 

J-7 Stock line 

R. 

Gas washer 

D. 

Stockhouse 

J-8 Inwall 


R-1 Sludge line to thickener 


D-1 Ore and limestone bins 

J-9 Bosh 


R-2 Spray washer 


D-2 Coke bin 

J-10 Tuyeres 


R-3 Electrical precipitator 


D-3 Scale car 

J-11 Slag notch 

S. 

Gas offtake to stove burner 

£. 

Skip 

J-12 Hearth 

T. 

Hot blast connection from stove 

F. 

Coke dust recovery chute 

J-13 Bustle pipe 

U. 

Stove 

G. 

Freight car 

J-14 Iron notch 


U-1 Gas burner 

H. 

Skip and bell hoist 

K. Slag ladle 


U-2 Combustion chamber 

I. 

Skip bridge 

L. Cast house 


U-3 Checker chamber 

J. 

Blast furnace 

L-1 Iron trough/ 

V. 

Exhaust gas line to stack 


J-1 Bleeder valve 

L-2 Slag skimmer 

W. 

Cold blast line from blower 


J-2 Gas uptake 

L-3 Iron ryifher 

M. Hot- metaV ladle 

X. 

Surplus gas line 


J-3 Receiving hopper 

Y. 

Stock — Iron ore, coke, limestone 


J-4 Distributor 

N. Flue dust car 

O. Dust catcher 

Z. 

Jib boom crane 


electric furnace. The transfer and use of the pig iron 
in the liquid state is common for steelmaking; in this 
form it is referred to as hot metal. When it is desired 
in small shapes, or pigs, for convenience in handling in 
the cold, solid form, it generally is cast into traveling 
molds attached to an endless conveyor forming part of 
a pig machine or pig- casting machine, and the name pig 
iron is retained. The qualifying phrase “smelting iron 
ore’’ is required in the definition to distinguish the 


blast-furnace operation for pig iron from its operation 
for the other products of the blast furnace, such as 
ferromanganese, spiegeleisen, silicospiegel, ferrophos- 
phorus, and alloy iron, in which cases manganese ore 
or iron ore mixed with other ores is charged. “Direct 
metallic product ... of the blast furnace” distinguishes 
pig iron in any form from cast iron, which may be made 
solely of pig iron, with or without refining treatments, 
or from mixtures of pig iron with steel, or with other 
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alloying elements, such as copper, nickel, and chro- 
mium. Pig iron is the crudest commercial form of iron, 
but is made nevertheless in many grades as shown in 
Table 12—11, along with other products of the blast 
furnace. 

Chief Metallic Products of the Blast Furnace— The 
chief metallic products of the blast furnace may be 
classified as follows: 

(1) according to raw materials used, as charcoal pig, 
anthracite pig (both now practically extinct), coke pig, 
hematite pig, titanium pig, chrome-nickel pig, etc.; 

(2) according to the use for which it is intended, as 
acid pig (in the United States, Bessemer pig), for the 
acid Bessemer or acid open-hearth process; basic pig, 
for the basic open-hearth or basic Bessemer (Thomas) 
process; forge pig, or puddling iron, for wrought- iron 
manufacture; malleable pig for making malleable cast 
iron; and foundry pig for use in the iron foimdry for 
making castings of various kinds; and 

(3) according to chemical composition, as silicon pig, 
low-phosphorus pig, high -phosphorus pig, alloy pig, 
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spiegel or spiegeleisen, silicospiegel, blast-furnace fer- 
rosilicon and ferromanganese. 

Formerly, ordinary grades were judged for quality or 
suitability by the appearance of the fractured surface 
of broken pigs, the color of which may be white, silvery 
gray, gray, or mottled, with either small or large crystals 
in tlie last two. Although the fracture is a convenience in 
sorting or selecting iron, grading in the United States is 
now on the basis of chemical composition, the chief 
products of the blast furnace according to this classifica- 
tion being represented in Table 12—11. Study of this 
table shows that blast-furnace products fall into three 
general typos: (1) conversion pig irons which are used 
to make wrought iron and the many varieties of steel, 
in which processes they lose their identity, being con- 
verted into an entirely different product; (2) pig iron 
for castings, the characteristics of which are discussed in 
detail in Chapter 18; and (3) ferroalloys, which contain 
a high percentage of one or more metallic elements and 
are used as addition agents to regulate the composition 
of other ferrous metals. 


SECTION 2 

OUTLINE OF THE BLAST-FURNACE PROCESS 


Furnace Input and Output — ^Essentially, the blast- 
furnace process consists of charging iron ore, fuel 
(coke), and flux (limestone and dolomite) into the top 
of the furnace and blowing heated air (blast) into the 
bottom, A rough statement of the input of each material 
per ton of iron produced would be 2.0 tons of ore and 
jron-bearing materials, 0.9 ton of coke, 0.4 ton of a mix- 
ture of limestone and dolomite, and 3.5 tons of air. 
From those materials, there is produced 1.0 ton of iron, 
0.6 ton of slag, 0.1 ton of flue dust, and 5.1 tons of blast- 
furnace gas. These figures are for present materials 
which are available to the territory that borders the 
Great Lakes and which produces about 75 per cent of 
the pig iron in the United States. As the purity of the 
materials used varies, the proportions of both the ma- 
terials charged and the materials produced will vary 
accordingly. 

Functions of the Charged Materials — The function of 
the ore, as well as the other iron-bearing materials, is 
to supply the element iron which, in turn, represents 
about 93 per cent of the pig iron. The ore is usually in 
the form of the oxide, either hematite (Fc^Oa) or mag- 
ra'titc (FcsOO, although there may be small proportions 
of limonite (2Fe20s*3H20) or siderite (FeCOa) present. 
Hematite represents the largest proportion and u.sually 
comes from the Lake Superior region. When chemically 
pure, hematite contains 70 per cent iron, but pre.sent 
ores contain about 50 per cent iron, the difference being 
represented by gangue which consists mostly of silica 
and alumina, about 12 per cent moisture, and 6 per cent 
chemically-combined water. 

Other iron-bearing materials are mill-scale, sinter, 
slag from open-hearth furnaces or Bessemer converters, 
and scrap. Scale (Fe»04) is a by-product of hot-rolling 
operations, which drops from the heated piece as it passes 
through the rolls. Sinter is blast-furnace flue dust (or a 
mixture therewith of fine ore) which has been ag- 
glomerated to form a granular, relatively coarse ma- 
terial. Open-hearth slag is a by-product from the steel- 
making process containing about 25 per cent iron and 
an excess of bases over acids, thereby replacing a cer- 
tain quantity of basic fluxes, but increasing somewhat 
the total quantity of slag per ton of iron. Basic open- 
hearth slag also contains sufficient manganese to make 



Fig. 12—3. Diagrammatic cross-section of a modern blast 
furnace, identifying principal structural elements, and 
indicating flow of materials. 
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li a valuable source of this element. Its use is limited 
to the production of irons wherein the phosphorus con- 
tent is not raised too much thereby; also, it is not charged 
into blast furnaces producing “blowing iron” for the 
acid Bessemer process because the manganese it con- 
tains would contribute to making a too-fluid slag in that 
process by raising the manganese content of the iron to 
an undesirable degree. Converter slag, a by-product of 
the Bessemer process, does not contain the excess bases 
or phosphorus found in open-hearth slag. Scrap arises 
ill the casting of the furnace, or it may be iron or steel 
from external sources and used in the blast furnace to 
increase production. 

The function of the coke is two-fold; first, to supply 
enough heat to attain the necessary temperature for the 
metallurgical reducing reactions to take place; and 
second, to supply the reducing agent for the process of 
reducing or removing the oxygen from the iron oxide 
in the ore. Suflicient heat is necessary to reduce and 
melt practically all the iron, most of the manganese, and 
a small part of the silicon, and to flux and melt the 
gangue of the ore and the ash of tlie coke. The in- 
candescent carbon of the coke is inherently a strong 
reducing agent, and it is thought, itself, to account for 
about 20 per cent of the reduction taking place in the 
blast furnace. 

The oxygen of the blast unites almost immediately on 
entering the furnace with the carbon of the coke to form 
carbon monoxide, which accounts for the balance (per- 
haps 80 per cent) of the reduction taking place. 

The function of the limestone and dolomite is to form 
a fluid slag of a composition which will restrict ap- 
propriately the other elements (silicon, sulphur, etc.) 
entering the pig iron. These so-called metalloids in 
turn also control, within limitations, the mechanical 
and chemical properties of the pig iron. 

With this outline of the process of blast-furnace smelt- 
ing, it is proper to pass on to the apparatus which makes 
this process possible. 

Parts of a Blast-Furnace Plant — ^The heart of the ap- 


paratus is, of course, the blast-furnace structure itself. 
The sections of the furnace are (1) the lowest part, 
known as the hearth, (2) the inverted frustrum of a 
cone immediately above it known as the bosh, and (3) 
the part known as the stack or shaft (see Figure 12—3) . 
Means are provided at the bottom for the admission of 
the blast and removal of iron and slag; at the top, ap- 
paratus is provided for the charging of the ore, coke, 
and flux and for the removal of the gas generated in 
the process. The gas is led to the dustcatchcr for the 
mechanical separation of the major portion of the dust; 
thence, through the primary and secondary cleaners it 
is conducted away for use in hot-blast stoves, in metal- 
lurgical heating, the generation of steam under boilers, 
or to operate blowing engines. The blast air is com- 
pressed by turbo blowers, steam engines, or gas engines, 
and driven to the stoves wherein it is heated regenera- 
tively before its entry into the upper part of the furnace 
hearth. Bins for the storage and selection of the proper 
proportions of ore, coke, and flux are provided together 
with means for conveying these materials to the top of 
the furnace. Incoming materials arriving in railroad 
cars are either unloaded directly into the bins or by a 
car dumper from which they are handled for storage by 
an ore bridge. Incoming materials in boats are handled 
either by Hulett unloaders, belt conveyors, or modified 
ore bridges. The molten iron is carried away from the 
furnace in iron ladles which deliver it to the steelmak- 
ing or foundry departments for use in the molten con- 
dition, or to the pig machine where it is cast into small 
blocks for use in the solid condition. The slag is either 
disposed of molten in cinder ladles or granulated by a 
high-pressure water spray, in which condition it is used 
for fill or in the manufacture of cement. The flue dust, 
collected from the dustcatchcr, the primary and the 
secondary cleaners, is usually recovered and sintered 
and then returned to the furnace. Besides these, the 
necessary utilities arc steam, power, water, and railroad 
service as indicated schematically in the flow diagram 
reproduced as Figure 12—4. 


SECTION 3 

CONSTRUCTION OF THE FURNACE PROPER 


Foundation — ^The foundation of a large, modem fur- 
nace, tjrpified by Furnaces Nos. 11 and 12 at South 
Works, has to carry a structure which generally rises 
over 200 feet above the point of pig iron delivery (center 
line of the iron notch), has a side reaction from the 
weight of the skip incline and the downcomer pipes, 
and carries inside of the furnace a column of material 
about 90 feet high which will vary in temperature from 
2800" F (1515" C) down to 300" F (190" C). Such a 
furnace foundation carries a load of about 20,000,000 
pounds. Under the foundation, H-beam piles are driven 
to bedrock with the top of the piles about 10 feet below 
yard level. Upon the piles is placed a reinforced- 
concrete pad some 11 feet thick and 60 feet in diameter. 
A ring of reinforced concrete 10 feet high and 12 feet 
wide, with an internal diameter of about 36 feet, is 
placed upon the pad. The bases for the furnace columns 
rest on the top siirface of the ring. The column bases 
are tied together structurally and the columns are 
welded to the column bases, thereby providing a struc- 
ture which will not move or slip. The columns and bases 
are protected against a furnace breakout by a masonry 
sheath, one brick thick. Inside the circular wall or ring 
of concrete which supports the column bases, about 
2 feet thickness of second-quality firebrick are laid— 


the top course being leveled off to provide a suitable 
base for the lowest course of first-quality brick called 
bottom block that begins the construction of the actual 
hearth. 

Columns and Base Plates — ^The column bases are 
6-inch thick steel slabs, about 5 feet square. The top 
of each column is covered by a steel cap which is about 
3% inches thick and somewhat less than 4 feet square. 
The mantle rests on these caps. The columns are pro- 
vided at both top and bottom with thick angle plates 
which are welded to the web of the column and to the 
caps and bases. Each column consists of a 14-inch 
H-beam core, to the flanges of which 3-inch thick cover 
plates are welded. The distance between the bottom of 
the column base and the top of the column cap is about 
36 feet. On a large furnace, such as being described, 
there would be eight or ten columns. 

Mantle — ^The mantle is a horizontal heavy steel ring 
resting on the column caps. It supports the f\imace 
shell and the brickwork of the inwall or shaft so that, 
when necessary, the hearth and bosh brickwork may be 
removed without disturbing the inwall brickwork. It is 
built of heavy steel plates which are reinforced cinnun- 
ferentially by circular, heavy, welded-steel bands and 
by web plate». 
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Fig. 12 — fi. Section through the bosh and upper part of 
the hearth wall of a large blast furnace showing details 
of connections between the tuyere and bustle pipe, and 
of the iron notch and cinder notch. 


Shell — The shell of a blast furnace is in the form of 
a truncated cone with steep sides, topped by a flatter 
truncated cone called the top cone. The part below the 
top cone encloses the shaft of the furnace (Figure 
12 — 3). Formerly, the shell was constructed in “shingle” 
fashion; that is, the edges of adjacent plates were over- 
lapped and riveted. However, on the furnaces being de- 
scribed, the shell is an all-wcldcd structure, with the 
edges of adjacent plates matched and butt- welded. This 
design gives the shell a continuous, relatively smooth 
surface free from lapped and riveted joints; it also uses 
less steel, is cheaper to erect, and is stronger than the 
previous construction. The plates used to construct the 
top and bottom parts of the shell usually are thicker 
than those used in the middle section, perhaps 114 inches 
compared to 1 inch. The shell is welded at the bottom 
to the mantle. Openings at selected regular intervals 
in the shell allow for the insertion of cooling plates into 
the brickwork with which the shell ultimately is lined. 
The bottom of the cone at the top of the shell is welded 
to the main shell structure. The top opening in this cone 
receives the lip ring, a heavy steel casting that may be 
of one piece or of joined segments. The lip ring is bolted 
to the top cone, and must be located concentrically; it 
supports the large bell hopper and the other filling 
equipment on the top of the furnace. There are 
regularly-spaced openings in the top cone to which the 
offtakes, usually four in number, are welded and which 
conduct the gas formed in the smelting process out of 
the furnace. 

Hearth — It has already been mentioned that second- 
quality firebrick are laid in the concrete ring on the 
foundation to form a base for the bottom of the hearths 
of the furnaces being described. On top of this base, 
seven rows of first-quality 18 by 9 by 4%-inch fireclay 
bottom block were laid on end giving a total thickness 
of 10 feet, 6 inches. On top of these bottom blocks, two 
rows of large carbon blocks (22^ inches thick, 30 inches 


wide and up to 15 feet long) were laid, giving a total 
thickness of carbon of 45 inches. Again, on top of the 
carbon a single course of fireclay blocks was placed on 
end. The sides of the crucible or hearth were con- 
structed of two courses of carbon brick, with a total 
thickness of 33 inches, up to the center line of the cinder 
notch. 

Not all modern furnaces employ carbon refractories 
in construction of the hearth; those that do not are built 
entirely of fireclay refractories. Neither do all furnaces 
using carbon refractories employ exactly the construc- 
tion just described. 

Located about 42 inches above the surface at the 
bottom of the hearth is the iron notch or tapping hole 
(Figure 12 — 5) through which the iron accumulated 
in the smelting process is drawn off at periodic inter- 
vals — usually four or five times per day. The slag or 
cinder, being lighter, floats on top of the molten iron 
and is drawn off at intervals through the cinder notch 
or monkey. The cinder notch assembly consists of three 
water-cooled, concentric, cast-copper frustrums of 
cones, the largest, known as the monkey cooler, sup- 
porting on its inside a smaller frustrum, known as the 
intermediate cooler, which in turn supports the monkey 
itself (Figure 12 — 5) . The central opening in the monkey 
is closed by a bott, which is a tapered water-cooled plug 
on the end of a steel rod. The bott, on largo furnaces, 
is operated mechanically by a device known as the 
cinder-notch stopper. On the larger furnaces, such as 
these, two cinder notches usually are installed. 

In time, the bottom is eroded to various degrees and 
is replaced by a large mass of metal known as a sala- 
mander. 

A series of 6-inch thick, cast-iron staves surround the 
hearth sidewalls, extending about 4 feet above and 12 
feet below the center line of the iron notch. The tops of 
the staves are at about the level of the working floor 
around the furnace; in most modem furnaces, they 
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are embedded in the brickwork or concrete below floor 
level. Water-cooling pipes are cast into the staves to 
reduce the temperature of the hearth sidewalls. A 1%- 
inch thick steel hearth- jacket plate surrounds the staves 
lor approximately their full height to resist the bursting 
stresses from the inside of the furnace. The staves are 
modified for the iron notch and cinder notch openings. 
At the iron notch, it is the practice to place a removable 
s»avc, about one-half the height of the normal stave, as 
a means for a quick repair should a breakout occur at 
tins location. 

Above the tops of the cooling staves, the brickwork of 
the hearth wall is enclosed on the outside by a tuyere 
jacket or breast plate, made of welded l^^-inch thick 
sled plate. Reinforced openings are provided in this 
jacket for insertion of the tuyere coolers, cinder notch 
and cooling plates, all of which fit their respective open- 
ings closely. Some of these details may be observed in 
Figure 12 — 5, which shows a section of the bosh and the 
upper part of the hearth. The cooling plates are flat, 
water-cooled copper castings which extend into the 
brickwork of the hearth sidewalls. Usually, there are 
one or two rows below the tuyere-cooler level and three 
rows between the tuyere-cooler openings. Another 
method of construction is to use steel castings for the 
tuyere jacket instead of the welded-steol plate con- 
struction. Recently, on furnaces with carbon-hearth 
linings, water-cooled iron castings in which pipes have 
been cast (similar to a hearth-cooling stave) have been 
used. In this latter case, a heavy, welded, steel-plate 
jacket surrounds the castings to resist the stresses 
exerted by the outward pressure of the furnace contents 
against the walls of the hearth. 

The heated blast enters the furnace through nozzlo- 
like water-cooled copper castings known as tuyeres, 
usually about twenty in number in a large ftirnace, 
spaced around the hearth about a foot below its top 
(Figure 12 — 5). The tuyere cooler supports the tuyere 
in the same manner as the cinder-notch cooler supports 
ilie intermediate cooler. For different furnaces in the 
same plant, the length and diameter of the tuyeres may 
be different but in all cases they arc designed to fit 
inside the same tuyere-cooler casting. A horizontal 
cast-iron pipe called the blowpipe, about 5 feet long 
and with one end fitting closely against the tuyere, 
carries hot blast from the tuyere stock to the tuyere, 
thence into the furnace. The blowpipe may be slightly 
larger in diameter at one end than at the other and 
both ends are turned to fit into slight sockets in the 
tuyere and the slock. It is held in place with the smaller 
end fitting into the tuyere by pressure from the tuyere 
stock which, in turn, is held tightly against the other 
end of the blowpipe by a heavy spring and rod, called 
the bridle, which is attached to the jacket plate and 
allows limited motion due to expansion and contraction 
of the stock and blowpipe with changes in blast tem- 
perature. The tuyere stock curves upward on leaving 
the blowpipe to fasten to the gooseneck and is lined with 
firebrick as a protection against the heat of the blast. 
In the outer part of the curve in the tuyere stock and 
on the center line of the blowpipe and tuyere is a small 
opening closed by the tuyere cap or wicket through 
which a small rod may be inserted to clean out the 
tuyere without removing the blowpipe. The tuyere cap 
must be of such form that it may be opened readily at 
any time and still be practically gas-tight. This is ac- 
complished by a tapered plate inserted in guides, in 
which a small glass-covered opening called the peep 
hole or eyesight is placed to permit the inspection of 
that portion of the interior of the furnace directly in 
front of the tuyeres. The upper part of the stock is con- 


nected by a swivel joint to the refractory-lined nozzle 
of the gooseneck to which it is clamped by lugs and 
keys that fit into seats of hanging bars. Each gooseneck 
in ti^n is connected by flanges and bolts to a neck ex- 
tending radially from the inside diameter of the bustle 
pipe. The bustle pipe is a large, circular, refractory- 
lined and insulated pipe which encircles the furnace at 
about mantle level and equally distributes the heated 
blast from the hot blast main to each tuyere connection. 

Bosh — ^Although previously mentioned, the bosh may 
be described more specifically as tliat portion of a 
furnace formed by an inverted frustrum of a cone start- 
ing at the top of the vertical sidewalls of the hearth and 
extending upward to the level of maximum furnace 
diameter at the mantle. A standard bosh is constructed 
in the following manner: Starting at the top of the hearth, 
the brickwork, 27 inches in thickness, is stepped outward, 
externally, nearly six inches for each twelve inches of 
vertical rise. Each step-out is supported on the outside 
by a heavy steel band called a bosh band. Extending 
through the walls of the bosh, fitting closely into cast- 
iron “boxes” placed in the brick spaces between bosh 
bands, are cooling plates called the bosh plates, in hori- 
zontal rows from 18 inches to two feet apart, measured 
vertically. The plates in each row are several inches 
apart, and the plates in the different rows are staggered 
vertically, “breaking joints” like brickwork. This con- 
struction adds to the cooling efficiency of the plates. At 
some plants, it is the custom to place the plates directly 
in the brickwork, eliminating the cast-iron box entirely. 
As a safety precaution, a means is usually supplied to 
prevent the plates from being forced out of the furnace. 
There are several different makes of bosh plates, but 
the more common ones are somewhat wedge-shaped, 
with a flat bottom and oval top, and about four inches 
thick at the point of their greatest thickness. They are 
hollow and have inserted in them, usually at opposite 
corners, two pipes through which water flows con- 
tinuously; the water enters through one pipe and leaves 
by way of the other. These plates are necessary to cool 
and thus protect the brickwork for, being just above 
the tuyeres, the bricks here are exposed to the highest 
temperatures in the furnace. In American practice, the 
bosh has been built of first-quality fire-clay brick, but 
consideration is now being given to extending the 
carbon lining of the hearth up to the top of the bosh, 
which practice is used extensively in Europe, 

Regardless of the size of the hearth, the modem fur- 
nace has a bosh 9 to 12 feet in height and a bosh angle 
between 80 and 85 degrees (Figure 12—5) . In the older 
furnaces, when a large part of the ore consisted of 
lumps, the usual bosh angle was about 10 degrees less 
than at present; but it was found with the use of the 
finer ores, such as Mesabi, that better results were ob- 
tained with a steeper bosh. Also, the height of the older 
boshes ranged between 15 and 20 feet. 

Inwall — The shaft comprises all that part of the fur- 
nace which is located above the bosh. The wall of this 
shaft is usually, in an imaginary way, divided into three 
almost equal parts, called the upper, middle, and lower 
inwalls. Up to this point, the construction for all fur- 
naces is fairly uniform in general features, but as to 
the inwalls, three types are employed, namely, the thick, 
the intermediate, and the thin wall. The construction 
necessarily differs among these three t 3 rpes, and each 
is described separately. 

Thick- Wall Type — ^The inwalls of this tsrpe, of which 
there are many in the United States, have a maximum 
thickness of five feet, and are enclosed in a heavy 
riveted or welded steel shell about one inch thick. A 
space is left between the brickwork and the shell, in 
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which space is tamped a packing of compressible ma- Diameter of hearth — ^28 ft. 

terial to allow for the expansion and contraction of the Diameter of bosh — 31 ft. 

inwalls. Thick-walled furnaces usually are not water- Diameter of stockline — 21 ft. 6 in. 

cooled extensively above the bosh. In case their walls Diameter of big bell — 16 ft. 6 in. 

are cooled, this is done by inserted cooling plates. Bosh angle — SI** 40' 27" 

Intermediate, or Semithin, Wall Type — In the inter- Inwall batter — 1.00 in. per 12 in. 
mediate type, the walls are about three feet thick and, Hearth area — 616 sq. ft. 
to protect the brick as much as possible, cooling plates Working volume — 47,550 cu. ft. 

(similar to bosh plates) are inserted in the lower inwall. Number tuyeres — 20 

They may extend for a distance of from twenty to forty Centerline iron notch to top hearth — ^9 ft. 3 in. 

feet above the bosh. The inwalls are surrounded by a Centerline iron notch to centerline cinder notch — 4 ft. 

steel shell as in the thicker type, the only difference 8 in. 

being in the necessary openings for the coolers. Many Centerline cinder notch to centerline tuyeres — 3 ft. 8 in. 
American furnaces have linings of this type. Centerline tuyeres to bottom bosh — 11 in. 

Thin- Wall Type — In this type, the inwalls are from Height of bosh — 10 ft. 3 in. 

9 to 18 inches thick, the top is always supported by Height straight section lower inwall— 9 ft. 

structural work, and the shell must be cooled through- Height sloping section inwall — 57 ft. 

out its entire length. This cooling may be done in three Top sloping section to top of hopper — ^22 ft. 9 in. 

ways. One method consists in spraying the steel shell 

with water, conducted through suitably arranged pipes In many quarters, the rated daily production of a 
and enclosed by a light splash jacket which conforms to furnace is the hearth area in square feet multiplied by 

the size and shape of the stack. In the second method, a factor from 2.0 to 2.6 which varies primarily with the 

the shell is encircled by a series of deep and narrow materials used. The rated daily production of the above 

horizontal troughs through which water is kept flowing furnaces is 616 X 2.45 = 1,500 net tons per day. The 

from the top to the bottom of the furnace, overflowing theory has been advanced that the daily production is 

from each trough to the next succeeding lower one. a function of the coke burned per day, which in turn is 
Each of three or four of these troughs drains separately determined by the area in square feet of a ring six 

to a common point whore the temperature of the water feet wide in front of the tuyeres, multiplied by 6,300. 

can be noted. In the third type, the entire outer surface There are two methods for calculating the proper 

of the stack is kept covered with water by a spiral number of tuyeres for a given hearth diameter: the 

trough which, slightly separated from it, encircles the first being to divide the hearth area in square feet by 
stack from top to bottom. This trough is kept full of 30; and the second being to divide the inside circuni-* 

water by a series of feed lines that enter it at various ference of the hearth in feet by 4.0 to 4.5. 

points in the spiral. Few furnaces of this type have been The working volume of a furnace may be defined as 
built in the United States, and these gradually are being the volume of that part of the furnace through which the 
dismantled. gases produced at the tuyeres pass in contact with the 

Relationship of Furnace Dimensions — ^The relation- materials in the charge. In other words, this volume may 

ship of the furnace dimensions, one with another, is be considered as the volume between the centerline of 

most important. Practically all of these relationships the tuyeres and the stocklinc. The stockline in this case 

are the result of “cut and try” methods, for they do not is assumed to be a horizontal plane located six feet be- 

lend themselves to theoretical calculation. As an exam- low the big bell in its closed position. The ratio of the 

pie of good furnace design. South Works Furnaces working volume to the hearth area should range be- 

Nos. 11 and 12 have been selected, whose principal tween 75 and 80, and in this particular case is 47,550 - 

dimensions are as follows (see also Figure 12-^): 616 = 75.2. For furnaces producing ferromanganese, this 



Fig. 12—6. Lines of typical modem American blast furnaces designed and built during the 
period 1929-1947. 
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ratio is even higher than the 80 figure indicated above, 
being about 90. 

An inwall batter of 0.9 to 1.1 inch per foot is desirable 
which, with the ratio of working volume to hearth area, 
defines fairly well the stockline diameter. It has been 
stated that the stocklinc area should equal the area of 
tlie 6-foot horizontal ring in front of the tuyeres men- 
tioned earlier. 

The big-bell diameter should be from 4 to 5 feet less 
than the stockline diameter for smaller furnaces and 
about 5 to 5.5 feet less for larger furnaces. 

The time that elapses from the time the materials are 
charged at the top until they reach the tuyeres is im- 
portant because if just sufficient time is available, they 
will be thoroughly preheated and reduced to the opti- 
mum extent by the ascending gases. A derived figure, 
the theoretical speed at which they descend in the 
furnace, is also important. The materials next to the wall 
are in the furnace a shorter time than those in the cen- 
ter since their rate of descent is faster. An average 
or theoretical figure gives a good check on proper re- 
lation.ship of furnace lines. An example of these theo- 
retical figures is shown below: 


Per Net Ton Iron 

Lbs. Per 


Lbs. 

Cu. Ft. 

Cu. Ft. 

Group 3 Ore 

2748 

22.4 

122.7 

Group 7 Ore 

923 

7.4 

125.0 

Total Ore 

3671 

29.8 

123.3 

Open -Hearth Slag 

395 

2.6 

150.0 

Flux and Miscellaneous. . . 

1055 

10.3 

102.0 

Net Coke 

1782 

59.4 

30.0 

Gross Total 

6903 

102.1 

67.5 

Loss Flue Dust Produced. 

284 

2.6 

110.0 

Not Total 

6619 

99.5 

66.5 

Iron production, net tons 




pe.'r day 



1,324 

Cubic feet materials proc- 




essed per day 


1,324 X 99.5 

= 131,738 

Working volume, cubic 




feet 



44,849 

Furnace fillings, number 




per day 

131,738 44,849 

= 2.94 

Time material in furnace, 




hours 


24 2.94 

= 8.16 

Working height, feet 



79.52 

Speed of material descent. 




feet per hour 


79.52 ^ 8.16 

zr 9.75 


In the above calculations, the weights of ore per cubic 
foot used are less than the weights as they lie in the 
pile, due to the ore being “fluffed up” in handling. 

Furnace Linings — The brickwork which fonns the 
hearth, bosh, and inwalls of a furnace is referred to as 
its lining. All the brick used in the construction of these 
parts are made of fire clay. The brick in the hearth and 
bosh are required to resist a very high temperature 
and the action of flux and slag; brick in the inwall zone 
must be able to withstand abrasion at a moderately 
high temperature; and top brick, though always at a 
comparatively low temperature, must resist the impact 
and abrasive forces of the charges as they are dropped 
into the furnace. 

The bricks are inspected carefully before being put 
in place in the furnace. Great care is exercised with 
respect to brick, because the life of the furnace depends 
in a large measure upon the lining, and the item of cost 
for brick is not a small one. In the construction of one 
of the large thick-wall furnaces, the equivalent of ap- 


proximately 1,000,000 nine-inch bricks is required. Fire- 
bricks are always laid in a thin slurry composed of 
refractory mortar. The slurry is applied by pouring it 
on the top of each course with a dipper, and followed 
immediately by the next course of bricks, which is 
hammered into place to squeeze out all the fire clay 
except that required to compensate the inequalities of 
the brick. 

Water Troughs— Encircling the furnace bosh, at about 
the level of the bustle pipe, will be found one or more 
water troughs into which the water supplying the 
numerous cooling plates is discharged in visible streams, 
thus providing means of determining when a plate, 
tuyere, or cooler is burned out. The water, flowing from 
these troughs into a well, may be reused by pumping to 
the condensers or gas washers. The better practice is 
to reuse the water from the condensers for furnace 
cooling. 

Top — At the present time furnace tops arc somewhat 
complicated affairs. In olden times the tops of furnaces 
were left open, the escaping gases being allowed to 
burn in the air. In the year 1809, these waste gases 
began to be employed in France for the purpose of 
burning bricks and heating small furnaces. The first 
attempt to heat the blast by utilizing these gases was 
made in 1829. It was not until 1845 that a plan was 
evolved by which the gases could be used to heat 
“stoves”, which are separate structures designed for the 
sole purpose of preheating the air blown into the fur- 
nace through the tuyeres; these are described later. To 
effect this purpose, changes in top construction were 
necessary. At first the gases were merely drawn off by 
the chimney draft of the stoves through openings below 
the stock line. The arrangement, known as the bell anti 
hopper, or cup and cone, was not put into use until 
1850. It consisted in finishing the top of the furnace 
with a large circular hopper, the smaller opening of 
which was closed by the bell that could be lowered and 
raised at will. With the bell raised against the hopper, 
the materials were dumped into the hopper; then when 
the bell was lowered, the charge dropped into the fur- 
nace. As large quantities of gas escaped with each lower- 
ing of the bell, this device was improved by the double 
bell and hopper, which is of comparatively recent origin. 
Essentially, this improvement consisted in placing a 
second but smaller bell and hoijper above the first, and 
providing a gas-tight space of large size between the 
two. The raw material, upon being hoisted to the top, 
is first dropped or dumped into the upper hopper, 
whence it may fall into the larger hopper below when 
the small bell is lowered. The small bell being raised 
against the upper hopper, the large bell is lowered, and 
the charge falls into the furnace without the escape of 
gas. The bells arc made of cast steel, in one piece, and 
of such a slope, 45® to 55®, as to permit the charge to 
slide off readily. They usually are supported from their 
top centers by a rod and a sleeve, each attached to a 
counterbalance lever operated by a steam or air cylinder 
or an electric motor, controlled from the ground. The 
large bell is attached to the rod and the small bell to 
the sleeve. The hoppers, of cast steel or iron, generally 
are made up in sections, which are securely bolted to- 
gether. The details of this construction differ somewhat 
from furnace to furnace to conform to the introduction 
of improvements, with the type of hoist, and with the 
preferences of the different builders. Operation of a 
typical design is shown in Figure 12 — 7. 

Hoisting Appliances — ^The old-time method of charg- 
ing by hand having been superseded by mechanical 
charging, there are now in use two types of these de- 
vices, namely, the skip hoist and the bucket hoist. In 
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UPPER BELL AND LOWER BELL 
BOTH CLOSED, SKIP BUCKET 
TIPPED TO DUMP CHARGE IN 
HOPPER ABOVE UPPER BELL. 
GAS FLOWING FROM TOP OF 
FURNACE THROUGH OFFTAKES 
LOCATED IN DOMES. 


LOWER BELL REMAINS CLOSED 
WHILE UPPER BELL OPENS TO 
ADMIT CHARGE TO LOWER 
BELL HOPPER. 


UPPER BELL CLOSED TO PRE- 
VENT ESCAPE OF GAS TO AT- 
MOSPHERE AND LOWER BELL 
OPEN TO ADMIT CHARGE TO 
THE FURNACE. 


BOTH BELLS CLOSED^ REAOTTO 
REPEAT CHARGING CYCLE. NOTE 
THAT ROD SUPPORTING LARGE 
BELL PASSES THROUGH HOL- 
LOW ROD SUPPORTING SMAa 
BELL, PERMITTING INDEPEND- 
ENT OPERATION OF BELLS. 


Fig. 12 — 7. Diagram of progressive steps by which the double bell and hopper permits charging raw materials into 
a blast furnace without escape of fuimace gases. 


IT’* 

f in 



Fig. 12—8. Overall view of 
a blast-furnace plant, 
showing two furnace.s 
and tlie stoves that op- 
erate in conjunction 
with them. 
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PRINCIPAL OPERATING PARTS OF A 

BLAST FURNACE TOP" 


COLLECTS HOT GASES 

Tfour gas uptakes and 

CARRIES THEM DOWNWARD TO THE 
OUSTCATCHER 


EXELPgjgN are counter^ 

WEIGHTED TO automatically 
OPEN WHENEVER GAS PRESSURE 
IN THE TOP SYSTEM INCREASES 
SUDDENLY DUE TO SLIPS OR OTHER 
CAUSES 


[ BELL eCAMS AND COUNTERWEIGHTS. 
W0GHTEO BEAM ENOS RAISED AND 
LOWERED BY CABLES (NOT SHOWN) 
TO LOWER AND RAISE BELLS 
COUNTERWEIGHTS PARTIALLY BAL- 
ANCE LOAD TO REDUCE WORK 
DONE BY CABLES, 



^ARGE BELL ROD SUPPORTS THE 
LARGE BELL (SI 


SMAyjBEtL^^ SUPPORTS the 
SMALL BELL (SEE FIG 12-6) 


RECEIVING HOPPER GUIDES 
LOADS DUMPED BY SKIP 
CARS INTO DISTRIBUTOR 


BISTRlBWTgR rotates part ofa 

FULL TURN AFTER EACH SKIP 
CAR LOAD IS DUMPED TO HELP 
DISTRIBUTE ORE, COKE AND 
LIMESTONE EVENLY ON SMALL 
BELL. 


HOPPER . CLOSED BY LARGE BELL, 
RECEIVES MATERIAL FROM THE 
RECEIVING HOPPER ABOVE 
WHEN SMALL BELL IS LOWERED 
LCWERING LARGE BELL EMPTIES 
HOPPER INTO FURNACE, 


SKIP CAR IS AUTOMATICALLY 
TILTED TO DUMP ITS LOAD 
INTO RECEIVING HOPPER. 
SECOND SKIP CAR IS AT 
BOTTOM OF BRIDGE IN 
STOCKHOUSE, AND WILL 
RISE AS EMPTY CAR DE- 
SCENDS TO STOCKHOUSE. 


SKIP BRIDGE CARRIES 
— \CKS ON WHICH 


TRACKS 
SKIP CARS CONVEY 
ORE. COKE AND 
LIMESTONE TO TOP 
FURNACE. 


^ THE VARIOUS PLATFORMS AND STRUCTURES SUPPORTING THE TOP EQUIPMENT HAVE BEEN OMITTED FROM THIS 
DRAWING, AS WELL AS THE CABLES AND SHEAVES THAT OPERATE THE SKIP AND BELLS. ALSO OMITTED ARE THE 
JIB BOOM CRANES THAT ASSIST IN HOISTING REPAIR AND REPLACEMENT PARTS TO THE TOP OF THE FURNACE. 


Fig. 12 — 9. Principal operating parts of a blast-furnace top. 




232 


THE MAKING, SHAPING AND TREATING OF STEEL 


both cases there is an incline (a fabricated steel struc- 
ture) extending from the top of the furnace to or below 
the bottom of the stock house; and over the tracks of 
this incline the materials charged into the furnace must 
pass. In the skip hoist, the conveying vessel is a small 
open-ended steel car, called a skip, that automatically 
dumps the materials into a hopper above the small bell. 
Skip hoists are generally provided with double tracks, 
so ^at while a loaded skip is passing up the incline an 
empty one is descending. In the bucket hoist the solid 
materials are raised in a bucket, suspended from a truck 
or carriage, that drops the charge directly into the space 
above the large bell. When in position for dropping the 
charge, the bucket, being itself provided with a small 
bell at the bottom, takes the place of the little bell and 
hopper. While the bucket is being filled at the stock 
house, the opening left in the top is closed with a 
special gas seal. Figure 12 — 8 shows furnaces equipped 
with skip hoists. 

Top Appliances for Distributing the Stock — It is ap- 
parent that, in a mechanically filled furnace, when the 
raw materials are dropped into the receiving bell, the 
larger lumps of ore and stone will have a tendency to 
roll and thus collect around the edges, or perhaps at 
one side or the other. The same segregation, if un- 
corrected, will also occur upon dropping the charge 
into the furnace. This tendency results in more or less 
open and continuous channels being formed through 
the materials and extending from the top towards the 
bottom of the stack. These channels offer less resistance 
than the remainder of the materials to the passage of 
gases through the furnace, with the result that a dis- 
proportionately large quantity of gas passes through 
them. This condition, called channeling, also results in 
excessive temperatures along these passages. To ov('r- 
come this defect, various plans and devices have been 
employed to introduce the materials into the furnace in 
such a way that this segregation of coarse and fine ma- 
terial will not occur. 

Rotation of the position of the charge on the large 
bell by various means has been most effective in mini- 
mizing channeling. This can be accomplished in several 
ways, depending upon whether the furnace is bucket 
or skip charged. One of the most popular and effective 
devices is a rotating hopper above the small bell which 
can be rotated through a prescribed arc before the small 
bell is lowered. 

Some designers concentrate upon details of construc- 
tion of the furnace top and of the large bell and hopper 
with good results. For example. It can be shown that 
as the diameter of the large bell approaches the internal 
diameter of the furnace top, the fines are concentrated 
next to the wall, and as the bell diameter is decreased, 
a dimension is reached that throws some lumps against 
the wall and some toward the center, while a further 
decrease in diameter throws more and more lumps to- 
ward the wall until all the fines are concentrated at the 
center. Other factors, such as the angle of the bell, 
the angle of the hopper, the extension of the boll below 
the hopper, the distance below the hopper the bell can 
be dropped, and the speed with which it can be lowered, 
all may be adjusted to produce the best charge dis- 
tribution. 


Top Openings — ^The smallest opening in the top of a 
furnace is the try hole. In operating a furnace it is 
necessary to be able to determine the position of the 
stock line. This is done by means of the stock indicator, 
which is a rod of steel passing through and fitting the 
try hole loosely so that one end rests upon the stock, 
while the other is attached to a small steel cable that 
leads to the stock house or the cast house below. Some 
stock indicators are automatic and self-recording. 
Some modem furnaces use two stock indicators, 
mounted 180® apart. 

Gases resulting from the smelting operation are con- 
ducted to the top of the furnace by large, vertical pipes 
called offtakes, each of which is about 6 feet in diamelei'. 
The offtakes, usually four in number, are connected to 
openings in the furnace top at about the level of the big 
hopper. They may be constructed either of abrasion- 
resistant steel or may be lined with firebrick. The tops 
of the offtakes are connected in pairs, and pipes lead 
from those connections into one large descending pipe 
called the downcomer or downtakc. Rising above the 
junctions of each pair of offtakes arc tall, vertical pipes 
called uptakes or bleeders. Those usually are lined with 
one course of firebrick. The tops of the bleeders are 
equipped with counterweigh ted valves. These valvo.s 
have a double purpose: first, they may be opened by 
mechanical means from ground level to permit surplus 
gas to escape from the furnace system; secondly, they 
may be adjusted, either by weights or mechanical 
means, to act as explosion doors and open at a prede- 
termined pressure to relieve sudden increases in gas 
pressure occasioned by “slips” in the furnace, and thus 
prevent possible injury to the top. A third bleeder, with 
explosion door, may rise above the junction of the pipes 
from the offtakes with the downcomer (Figure 12 — 9). 
Some furnaces have a separate bleeder for each offtake 
The explosion doors are at the highest point of the 
furnace (Figures 12 — 8 and 12™- 9). 

General Considerations fur Top Construction — As 
previously pointed out, there are many types of tops, 
and the description above is intended to give a general 
idea of the essential parts and their uses. The chief en- 
deavor in top construction is to perfect the distrii)Ution 
of the stock entering the furnace stack, and either elimi- 
nate or compensate for as many irregularities as pos- 
.sible, while a second aim is to hold to a minimum thr 
amount of solids (coarse and fine dust from the raw 
materials) carried out with the gas. However, in attain- 
ing these ends, simplicity must be considered, as any 
great amount of mechanism on the top of a furnace is 
objectionable. It is important to prevent large material 
from being thrown out of the furnace in case of slips, 
and as little dust as possible at any time should be 
carried out by the gases. In locating the offtakes, care 
is taken to see that they do not enter the furnace di- 
rectly over the tapping hole, cinder notch, or the en- 
trance of the blast main to the bustle pipe, because, 
these being the most active points in the furnace, enter- 
ing the furnace over these points would tend to cause 
more uneven distribution of the gases through the 
stock. In the latest furnaces, the top diameters have 
been increased in an endeavor to reduce the relative 
amounts of flue dust produced. 


SECTION 4 

CONSTRUCTION OF FURNACE AUXILIARIES 

Stoves— Blast-furnace stoves, usually three per fur- Their function is to preheat the blast before its ad- 
nace, are brick -lined regenerators enclosed in a circular mission into the furnace through the tuyeres. The re- 
steel shell with a Hat bottom and a dome-shaped top. suit of preheating the blast is to intensify and speed 
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up the burning of the coke at the tuyeres with a conse- 
quent reduction in the coke required for the smelting 
operation; this reduction in coke consumption is more 
than would correspond merely to the additional sensible 
ijcat carried in by the heated blast. Essentially, a stove 
consists of two parts; the first being the combustion 
chamber which is a vertical passageway (in which 
cleaned blast-furnace gas is burned) extending from a 
point near the bottom of the stove to the bottom of the 
dome, and through which the hot products of com- 
bustion pass upward to the dome. The second main 
part is the checkerwork, which contains a multiplicity 
(jf small passageways through which the products of 
combustion from the blast-furnace gas pass down- 
wardly from the dome to a point near the bottom of the 
stove. This description applies to the two-pass design 
which is the most prevalent today but there still exist 
quite a number of stoves of the three-pass design, the 
difference being that an additional upward pass of 
checkerwork is added through which the products of 
combustion pass before their exit at the top of tlie 
stove. In a few rare cases, a four-pass design has been 
used which again simply adds a downward pass for the 
products of combustion over tlie three-pass design. In 
all designs, there is only a single combustion chamber. 
The two-pass design offers a larger percentage of the 
cross-sectional area for checkerwork than either the 
three- or four-pass designs because of the space taken 
up by the walls which separate the passes. With suffi- 
cient volume of checkerwork installed, the two-pass de- 
sign permits the spent gases to leave the stove at a 
temperature no higher tlian that from stoves with the 
more complicated and more costly three- and four-pa.ss 
designs. The temperature of the exit gases is, of course, 
a measure of tlie efficiency of the stove. The design of 
stoves may be broken down further into either the 
side-combustion or the center-combustion types, which 
relers to the location of the combustion chamber inside 
the shell itself. The preference seems to be for the side- 
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combustion type. Figure 12 — 10 shows vertical and hori- 
zontal sections for tlie side- combustion type. 

Modern stoves for large furnaces are 26 to 28 feet in 
diameter and about 120 feet high from the bottom of a 
stove to the top of its dome. Depending upon the type 
of checkers used, the stoves contain between 250,000 
and 275,000 square feet of heating surface. If the checker- 
work walls arc loo thin, structural failure's will result. 
It has been found that a ratio of weight of brick (in 
pounds) to square foot of heating surface of about 10 
is the minimum. Below this ratio structural difficulties 
arc encountered. Formerly the checkerwork was sup- 
ported several feet above the bottom of the stove by 
brick piers but present construction uses cast-iron or 
steel columns to support steel grids which in turn carry 
the checkerwork. Insulation between the brick and the 
steel shell prevents the heat in tlie stove from distorting 
the steel plates. The blast-furnace gas used to heat tlie 
stoves is cleaned ahnost universally by wet washing, 
primarily in a lower- type washer and finally in a pre- 
cipitator or disintegrator. Primary gas will contain 
about 0.2 grain per cubic foot of solids and should not 
be used in stoves with openings less than 4% in. square. 
Final or secondary gas will contain less than 0.02 grains 
per cubic foot and can be used successfully in checker- 
work with openings slightly less than 2 inches by 
2 inches. An empirical factor of about 500 square feet 
of total heating surface per net ton of daily furnace pro- 
duction has been found to give adequate stove capacity. 
This excludes the area of £iny cross flues in the checker- 
work. 

The stoves for a furnace, when of the two-pass de- 
sign, usually arc provided with a common stack about 
200 ft. high, while three-pass stoves have an individual 
stack for each stove mounted on top of the dome of the 
stove shell. 

Air blast for the furnace passes through the heated 
.stove in a manner counter-current to the passage of the 
gas. In a two-pass stove the gas passes upward through 
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Fig. 12—11. Five different designs of checker-building shapes employed in the construction of modern blast-furnace 
stoves. The basket-weave design with inserts is shown in ihgure 12—10 also. 


the combustion chamber, downward through the 
checkers, and out to the stack while the blast passes up- 
ward through the checkers, downward through the 
combustion chambers, and out into tlie hot-blast main. 
With three stoves to a furnace, one stove is “on blast** 
at a time while the otlier two stoves are “on gas’* with 
the result that each stove is “on gas** twice as long as 
it is “on blast.** In order to accomplish the changeover 
from gas to blast, and vice versa, certain valves are 
necessary. 

The hot-blast valve is usually of the water-cooled 
mushroom type, closing on a water-cooled seat. Its 
function is to open the passageway for the heated blast 
from the combustion chamber to the hot- blast main. 
The cold- blast valve admits cold air from the blast line 
into the space directly below the checkerwork and, not 
being subjected to high temperatures is usually of the 
gate type. The chimney valves, usually two in number, 
open and close the passageway for the products of com- 
bustion from the stove to the stack and are subjected to 
only moderately high temperatures. The blow-off valve 
releases the pressure in the stove when changing the 
Stove from “on blast*’ to **on gas.” Since the heated blast 
leaves the stove at a higher temperature after the stove 
has just been put “on blast” than after it has been 
cooled somewhat by the air undergoing heating that 
passes through it, and since it is desired to maintain, in 
most cases, the hot blast at a constant temperature, the 
mixer valve by-passes a certain amount of the cold blast 
into the heated blast and by its regulation maintains 
a constant hot-blast temperature. A pyrometer is in- 
stalled in the hot-blast line beyond the point of entry 
of the mixer line; it can be set to the temperature de- 
sired and will operate a mixer valve automatically to 
maintain this temperature. The burner valve or door 
opens and closes the passageway from the stove gas 
burner into the combustion chamber. Most gas burners 


today are of the pressure type, in which the air for the 
combustion of the gas is blown by a fan into the burner 
in such quantities as to give theoretically perfect com- 
bustion. In the older type burners, the combustion air 
was aspirated into the combustion chamber with the 
gas with resultant mediocre combustion. The nose of 
the burner is movable so that it may be moved tightly 
against a flange on the burner door to prevent any in- 
filtration of air or puffing out of the gas when the stove 
is “on gas.” Inspection or cleanout doors are provided 
at the top and at the bottom of the stove. The snort 
valve, which derives its name from the noise made by 
blast escaping into the atmosphere, is located in the 
cold- blast line leading from the blowing room to the 
stove. Its function is to relieve tlie pressure of the blast 
entering the furnace when a “slip” occurs in the fur- 
nace, during casting, or when any emergency occurs. 
It consists of two interconnected butterfly valves, one 
closing the line against the blast, and the other opening 
a by-pass line to the atmosphere. 

The brick lining of a stove, which includes all the 
brickwork enclosed by the shell, usually lasts from 15 
to 20 years before it becomes necessary to replace it 
because of spalling, deformation, or clogging of the 
checkers. In addition, it may be necessary to replace 
the upper 10 to 20 feet of the checkerwork at the end 
of each furnace campaign, or from five to seven years. 
An insulating space of about 3 inches between the 
brickwork and the steel shell is filled with high-grade 
loose insulation or insulating strips. The bottom is in- 
sulated with insulating concrete, and the dome is 
covered by small insulating squares on top of which 
loose insulation is placed. The dome of a modem stove 
is separately supported from the outside of the shell, 
which allows the brickwork below to “breathe” and at 
the same time permits replacement of the lower brick- 
work without disturbing the dome (see Figure 1^10). 





235 


MANUFACTURE OF PIG IRON 


The brick is first-grade firebrick and should possess 
thermal capacity and conductivity. The skin wall 
of the combustion chamber and the top 10 feet of 
chcckerwork are constructed of a higher alumina brick 
than first-grade firebrick. Some designers prefer semi- 
siiica brick, made from New Jersey clay, over the 
higher alumina brick. Formerly, checkers were built 
the conventional rectangular formed brick and pro- 
Mcled relatively large channels for passage of gases. 
With the advent of the use of secondary-cleaned gas 
in the stoves, the use of smaller openings has become 
(casible. Inserts may be used in the passages of 
(hcckers built of rectangular brick, as shown in Fig- 
urt' 12—10, or special brick made in clusters with each 
cluster containing several openings may be used; the 
latter facilitate laying and handling. Figtire 12 — ^11 
shows several types of the more common clusters now 
in use. The thermal efficiency of a stove is about 85 per 
cent. The stoves use between 18 and 24 per cent of 
the gas produced by the furnace for heating the blast. 

Dustcatcher and Gas Mains — ^The object of the dust- 
catcher is, as implied by its name, to remove as much 
as possible of the flue dust blown over from the ftir- 
nace, with which the gas is heavily laden. If this dust is 
not removed, at least in part, it puts an unnecessary 
load upon the primary and secondary washers and, in 
addition, the dust is more easily and economically han- 
dled in the dry state as it comes from the dustcatcher. 
The dustcatcher is from 35 to 40 feet in diameter, usually 
lined with brick to prevent cooling and the attendant 
precipitation of water from the gas. It is a cylindrical 
structure fitted with a 60-degree inverted cone on the 
bottom and a cone-shaped top. 

The single downcomer from the top of the furnace 
carries the gas to the top of the dustcatcher, where it 
enters a vertical pipe that is centrally located inside 
the dustcatcher and extends nearly to the bottom (Fig- 
ure 12—2). This vertical pipe flares outward about 
8 degrees and is thus larger in diameter at the bottom 
tlian at the top. As the gas passes downward tlirough 
tins pipe, its velocity (emd therefore its ability to carry 
dust) is lowered, causing some of the dust to drop out 
ol the gas stream and be deposited at the bottom of the 
dustcatcher. When the gas emerges from this pipe, it 
must change direction of flow suddenly and rise to 
the top of the dustcatcher, since the gas is removed 
fioin a convenient location at the top. The sudden 
change in flow direction causes more dust to be dropped 
from the gas stream. Efliciency of the dustcatcher is ap- 
proximately 60 to 75 per cent, depending upon the type 
of ores used and the blast volume. The accumulating 
dust usually is removed from the dustcatcher by a 
double-shaft pug mill which is rigidly fastened to the 
cone bottom. Water is added to the pug mill imtil the 
dust is slightly moistened, which prevents the dust from 
blowing around the vicinity as it drops into a railroad 
car. An auxiliary hand-operated gate also is provided 
which permits dust to be removed in case the pug mill 
is down for repairs. The exit gas passes from the dust- 
catcher into the bottom of the primary washer. 

Gas- Cleaning Plants — ^Neglecting the larger lumps 
i)lown out occasionally when the furnace “slips,” the 
dust particles in blast-furnace gas vary in size from 
V 4 inch to a few microns (1 micron = 0.00003937 inch) 
with practically all of the dust passing the dustcatcher 
being minus No. 20-mesh sieve size. The difficulty of 
cleaning increases as the particle size decreases, the 
removal of the very fine particles being comparable to 
the removal of smoke from air. On this account, plants 
generally are planned to clean the gas in two stages, a 
primary stage to remove the coarser particles, which 


form the larger proportion of the dust, and a secondary 
or final stage to remove as much of the remaining dust 
as possible. The approximate removal of incoming dust 
by the usual gas-cleaning system is 60 to 75 per cent 
in the dustcatcher, 90 to 95 per cent of the remainder in 
the primary washer, and 90 to 95 per cent of the dust 
still in the gas leaving the primary washer is eliminated 
in the secondary washer. The gas entering the dust- 
catcher contains from 7 to 30 grains per cubic foot, an 
average dust content being about 16 grains per cubic 
foot. In some cases, a centrifugal cleaner is installed 
between the dustcatcher and the primary washer. 

Either of two methods is used to clean the gas passing 
the dustcatcher, wet cleaning or dry cleaning. In wet 
cleaning, the aim is to wet the dust particles and wash 
them out of the gas with water. Incidentally, the gas is 
cooled to about the temperature of the wash water, and 
any moisture in excess of saturation at this temperature 
is precipitated. In dry cleaning, one of the aims is to 
remove the dust without cooling, thus conserving the 
sensible heat. In many cases, the temperature of the 
gas leaving the furnace is under 300® F (150® C) as 
contrasted with 500® F to 600® F (260 to 315“ C) in 
former practice. The elimination of the water, which 
exists in the gas as superheated steam, and wliich is 
reduced to its dew point concentration at the cleaning- 
water temperature, more than balances the loss iii 
sensible heat in wet cleaning. For these reasons, dry 
cleaning presently is not used to any great extent. 

Primary wet cleaners include stationary-spray 
towers, revolving-spray towers, Feld washers as de- 
scribed later, baffle towers, spray fans and water sepa- 
rators. The stationary-spray tower is most used, al- 
though many Feld washers remain in use, and, some- 
times a washer consists of a combination of one or two 
Feld washer revolving cones in the bottom, above 
which are several banks of stationary sprays. In almost 
all cases, a water separator is mounted on top of the 
washer as an integral part thereof. 

The stationary-spray tower consists of a supported 
steel cylinder with conical bottom and conical top with 
the gas entering at a point near the bottom of the 
cylinder and leaving through a centrally located outlet 
on top of the top cone. Inside the cylinder are three or 
four banks of ceramic tile (with about 5-inch diameter 
round holes in them) which split up the rising gas and 
tend to prevent channeling. Above each bank are water 
sprays which uniformly cover the cross section of the 
washer with a falling “rain.” A U-shaped seal pipe at 
the outlet of the bottom cone carries the dirty water 
away to a Dorr thickener or settling basin and prevents 
the gas from blowing to the atmosphere. A centrifugal- 
type water separator above the topmost bank eliminates 
any entrained water in the outgoing gas. 

The Feld washer is a cylindric^ shell with a flat 
bottom and a conical top in which there is a series of 
from 5 to 7 inverted frustrums of cones which rotate on 
the same centrally-located vertical shaft, driven by a 
motor and reduction gear on top of the washer. The 
lower edge of each cone is immersed in a separate water 
tray. The centrifugal action of the rotating cones picks 
up water from each tray and throws it outward toward 
the shell as a spray through which the rising gas must 
pass. Baffles guide the water back into the trays for 
reuse, excess water spilling into the next tray below. A 
water separator similar to that on the stationary-spray 
tower is located above the topmost rotating cone. 

Primary dry cleaners include various modifications 
of cyclone separators, centrifugal machines, metallic- 
wool-pad filters, and electrical or Cottrell precipitators. 
The dry-type Cottrell precipitator may also be classed 
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as a secondary dry cleaner and will be discussed under 
that heading. The cyclone and centrifugal types present 
the problems of excessive wear and difficulty in han- 
dling the fine dust removed. The filters have a tendency 
to clog shortly after being placed in operation. 

Secondary wet cleaners have consisted of wet-type 
Cottrell precipitators, high-speed disintegrators, and 
Theissen disintegrators. Formerly, Theissen disinte- 
grators were used almost exclusively, but on later in- 
stallations have been replaced by high-speed disin- 
tegrators or by the wet-type Cottrell precipitators, with 
preference being given to the latter type. The Theissen 
disintegrator is a type of fan that dashes water, intro- 
duced through small jets, into a spray which is forced 
to travel in one direction while the gas is forced through 
the same channels in an opposite direction. 

The high-speed or rotary disintegrator is a smaller 
diameter machine than the Theissen but rotates faster 
(500 to 700 rpm) and consists of a casing in which is 
mounted a rotating “squirrel cage.** This cage is made 
up of two heads fastened to the shaft with a series of 
bars parallel to the axis fastened to tlie heads. Vanes 
mounted on the heads reduce the pressme-drop through 
the machine and force the incoming gas through the 
rotating bars, upon which water is sprayed, to the center 
of the cage where it is taken off to the clean-gas main. 
These machines are built up to 40,000 cu. ft. per min. 
rated capacity, require from 400 to 500 horsepower to 
drive them, and will clean the gas to under 0.02 grains 
per cubic foot. 

In the Cottrell wet method of cleaning, the primary- 
cleaned gas is forced to pass through narrow channels 
or ducts across which an electrostatic field is main- 
tained. The dust particles are “precipitated** or sepa- 
rated from the gas through the action of electrostatic 
charges. The molecules of gas are ionized and, in turn, 
induce electrostatic charges upon the surfaces of the 
small dust particles. Under these conditions, the dust 
particles are attracted toward the electrode of opposite 
polarity. There is also an “electrical wind’* or corona 
effect. Current is supplied from an alternating- current 
source, stepped up in voltage by a transformer, and 
made unidirectional by a mechanical rectifier or by 
vacuum tubes. In most precipitators cleaning cool gases, 
the unit collecting electrode is a vertical tube, 8 to 12 
inches in diameter, or it may be of parallel steel plates 
through which the gas is forced upward, or sideways. 
In the former type the discharge electrode is a wire 
suspended coincident with the long axis of the tube 
and, in the latter, multiple wires midway between the 
plates. A thin film of water flows over the inside edge 
of each tube or plate which washes it free of dust that 
has been deposited thereon, the dirty water being con- 
ducted to a Dorr thickener or settling basin. The pre- 
cipitator usually is divided into two units with valving 
so arranged that one unit may be shut down for in- 
spection or repairs while the other unit is operating. 
In some installations, the precipitator is mounted di- 
rectly above the primary washer. The rotary disinte- 
grator has the advantage of lower first cost but has 
higher power cost than the wet- type Cottrell precipi- 
tator. The cleanliness of the gas may be slightly in favor 
of the precipitator. 

Secondary dry cleaners have included bag filters and 
Cottrell precipitators. The bag-type filters, sometimes 
called the Halberger-Beth type, consist of a number of 
fabric “socks’* made of cloth, glass threads, asbestos 
threads, or very fine Monel metal screen (or a combi- 
nation) , supported at the top and closed on the bottom, 
into which the gas passes from the outside forming a 
film of dust on the sock which acts as the filtering 


medium. When the film of dust becomes too thick, the 
exit end of the sock is closed thereby shutting off the 
gas flow and the sock is shaken or vibrated to drop 
the excess dust into a collecting hopper. The socks are 
stiffened both circumferentially and longitudinally to 
prevent their collapse. It has been difficult to find a 
fabric which does not break down under the tempera- 
ture encountered with hot blast-furnace gas. Also, ii 
the temperature of the gas should reach its dew point, 
moisture would deposit in the fabric thereby forming a 
deposit of dust on the sock which cannot be dislodged. 

The dry- type Cottrell operates upon the same prin- 
ciple as the wet type but is constructed somewhat 
differently. The modification consists in using slabs of 
reinforced concrete as collecting electrodes to form 
channels for the passage of the gas, with the discharge 
wires suspended along the center lines of the channels. 
Periodically, each unit is taken out of circuit to permit 
the dust on the collecting electrode to fall into a hopper 
below. In this type, the dust is detached from the col- 
lecting electrode by suspended chains which are used 
as scrapers and which are operated by air cylinders. 
The dry-type precipitator has not cleaned the gas to the 
cleanliness required for small-chccker stoves, gas en- 
gines, or for underfiring of coke-oven batteries. 

Wash -Water Disposal — The water used to clean the 
gas in the wet- cleaning system contains about 40 per 
cent of the dust recovered, the other 60 per cent being 
recovered in the dry state. The wash water from all 
units is gathered together and conducted to a settling 
basin or thickener, present preference being given to the 
thickener. The usual settling basin is rectangular in 
plan and divided into two units so that one may be 
filling while the other is being emptied by a tractor or 
locomotive crane or by a permanent overhead crane. 
Each unit consists of several weirs over which the water 
flows in series, depositing a portion of the solids in each 
compartment. When one unit is full the water is then 
switched to the other unit and the full unit emptied 
The handling of the wet solids into railroad cars is a 
difficult task, both at the basin and in the vicinity, due 
largely to the inability to make the railroad cars water 
tight. 

A typical thickener consists of a circular, reinforced - 
concrete tank which may contain one or several com- 
partments in each of which one or several arms re- 
volve. The arms arc driven from a central vertical shaft. 
Water enters at the center of the thickener and leaves 
over a continuous weir which follows the circumference 
of the compartment. Each arm carries a series of rakes 
or vanes set at such an angle that the solids whicli 
settle out are gently pushed toward the center of the 
compartment. The thickened solids, containing about 
60 per cent water, are pumped out and delivered either 
pneumatically or by pump to a filter for further process- 
ing. The thickener may be built with either an open 
or closed top. Two types of filters are in general use, the 
cylindrical or drum type and the disc type. Both op- 
erate upon the underflow from the thickener, dis- 
charged into a basin into which an arc of the slowly 
rotating filter dips. The drum or disc consists of a frame- 
work over which canvas is stretched, and a partial 
vacuum is applied on the inside of that part which dips 
in the basin, thereby drawing the liquid through the 
canvas while the solids are retained by the canvas. 
When the drum or disc reaches another point in its 
rotation, a slight air pressure is applied on the inside 
of the canvas thereby bulging it and causing some of 
the filter cake to crack and drop off into a chute, the 
balance being scraped off by a scraper. The filtrate re- 
turns to the thickener and the filter cake, containing 
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about 25 per cent moisture, is delivered by railroad car 
to the sintering plant or, if the sintering plant is located 
adjacent to the furnace, the filters are designed as an 
integral part of the sintering plant itself. 

Sintering Plant — A sintering plant’s primary function 
is to agglomerate the flue dust and filter cake produced 
jn the operation of the blast furnace into a product more 
acceptable for recharging into the furnace, and its 
secondary function is to beneficiate some of the finely 
divided ore. As the supply of high-grade ore is depleted, 
the secondary function may transcend the primary 
function and for purposes of description it is assumed 
that part of the charge contains a portion of fine ore for 
beneficiation. Modem sintering methods and equipment 
already have been described in Chapter 6 on iron ores, 
along with other methods of agglomerating fines. 

Cast House — Since the molten iron is heavier than 
the slag or cinder, it lies in the bottom of the hearth and 
IS cast or removed 4 or 5 times a day through the iron 
notch. This is an opening which is plugged with clay 
except when the furnace is casting. The usual method 
of casting is to drill into the clay with a pneumatic drill 
until the skull of iron is met, when an oxygen lance is 
used to burn through the iron skull. The iron flows into 
the main trough which has a skimmer located near its 
end. The skimmer separates any slag flowing with the 
iron and diverts it into the cinder ladles or to the cinder 
granulating pit. The iron continues to flow down tlie 
main runner from which it is diverted at intervals into 
the iron ladles, the control of this operation being ac- 
complished by gates or shutters located in the runners 
(Figure 12 — 12). 


The closing of the hole at the finish of the cast is ac- 
complished by means of the clay gun. The gun is swung 
from an arm mounted on a pedestal in the cast house or 
on one of the furnace columns. It consists of a cylinder 
narrowed to a nozzle at the exit end and a capped open- 
ing on top into which soft clay is placed preliminary to 
casting time. The arm is normally parallel to the main 
trough but when placed in operation the arm is swung 
through 90® and the gun is tilted so that the nose enters 
the iron notch. The clay is forced from the gun by a 
plunger or screw; the plunger usually is operated by 
steam and the screw by an electric motor. Figures 
12 — 13 and 12 — ^14 show a typical clay gun. 

The slag is flushed from the furnace through the 
monkey two or three times between successive casts 
and it flows through runners, in much the same way as 
the iron, into cinder ladles, into a granulating pit, or into 
a slag machine. The monkey is closed by pushing into 
tlie hole by hand, a steel, cone-shaped knob on the end 
of a long steel bar, called the cinder bott, or this may be 
accomplished mechanically by arms attached to a frame- 
work which supports and guides a water-cooled bott 
(Figure 12—15). 

Iron Disposal — ^Iron ladles are of three types: the 
open-top ladle, the Kling-type ladle, and the mixer or 
Pugh-type ladle, all of which are refractory-lined. 
The open-top ladle, as the name implies, is an inverted 
frustrum of a cone with the top open to the atmosphere. 
The maximum capacity of this type is about 75 tons. The 
ladle is supported on the car or carriage by trunnion 
castings on the ladle, resting in corresponding castings 
on the car. In all typos, the car usually is equipped with 



Fm. 12 — ^12. General view inside the cast-house of a blast-furnace plant. 
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Fic. 12 — 13. Automatic 

clay gim» ready to be 
swung into position for 
closing the tap-hole of a 
blast furnace at the end 
of a cast. Clay is ejected 
under pressure from the 
nose of the gun, which is 
inserted in the tap-hole 
(see Mow). 


air brakes and automatic couplers. The Kling type is 
somewhat spherical in shape with an opening at the top 
through which the iron enters. Its advantage is less 
radiating surface with consequent less skull formation. 
It b built up to about 115 tons capacity and b supported 
on its car similarly to the open-top ladle. The Pugh-type 
ladle b cigar-shaped with an opening at the top. It is 
built up to 200 tons capacity and differs from the other 
two types in that it is not removed from the car, the 
ladle itself forming part of the car between trucks. To 
empty the Pugh ladle, it b rotated about ib longitudinal 
axis and, due to ite large capacity in rebtion to the 
opening, offers the least radiating surface. In some cases, 
thb type ladle functions as a metal mixer and the regu- 
lar mixer b eliminated, with the iron going directly 
from the mixer ladle to the steel-making process. A 


ladle of the Pugh type is shown in Figure 12 — 16. 

Normally, the iron ladles carry the molten iron to the 
metal mixer but there are times when it is necessary to 
dispose of the iron by casting it over the pig machine. 
Present pig machines differ only slightly from each 
other; — the chain in one t 3 q>e carrying rollers on each 
side lhat ride on a track; while, in the other type, the 
sides of the chain form a track which rides on stationary 
rollers. The endless chain, carrying a series of parallel 
cast-iron molds or troughs with overlapping edges, 
passes over a head and a tail sprocket wheel. The molten 
iron is poured into the mol^ near the tail sprocket, 
solidifies, and b cooled by water sprays as the chain 
rises to the head sprocket, and falb from the molds into 
cars as the chain passes over the head sprocket. On the 
return travel of the chain, the molds are sprayed with a 


Fig. 12 — 14. Automatic 

clay gun in operating 
position, closing up tap- 
hole at the end of a cast. 
The gun is operated en- 
tirely by remote control. 
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f'lc. 12—15. Mechanical 
cinder bott withdrawn 
from cinder notch, with 
stream of molten slag 
running down cinder 
trough. 



OPEMINO FOR FILLING 



Fic. 12—16. A Pugh-type 
hot-metal transfer car 
of 150-ton capacity. 
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Fig. 12—17. Ladle pouring 
molten iron into travel- 
ing molds of a pig- 
casting machine. 



RtTUHN FUOWTS 
CF CONVetOPi* 


‘^OLO 




lime wash to prevent sticking of the iron to the molds 
but, in cases where the pigs do stick to the molds, a “pig 
sticker” at the head end loosens the pig from the mold. 
Most machines are of the double-strand type, that is, 
they are built with two parallel chains. In the operation 
of the machine, iron is poured from the ladle into a 
small basin, which reduces the splash and which then 
divides the stream of molten iron to serve the two 
branches, one for each chain. The speed of travel of the 
chains and rate of pour of metal from the ladle are con- 
trolled so that a full-sized pig is formed in each mold. 
Pigs for use in the steel mills weigh almost 100 poxmds 
but, for some commercial uses, pigs weighing as little as 


30 pounds are poured. Operation of a pig machine is 
illustrated in Figure 12 — ^17. 

Slag Disposal — The slag is handled in one of four 
ways: it flows directly into cinder ladles; it is granu- 
lated; it flows directly into cooling pits; or it is made 
into lightweight aggregate for concrete or insulation. 
The cinder ladles are unlined, tulip-shaped, cast-iron 
(sometimes steel) pots mounted on cars or carriages on 
which they are moved from the furnace to the slag 
dump. The cars are equipped with air- or steam- 
operated cylinders which partially rotate the trunnion 
holding the ladle so that it can be dumped by the com- 
pressed air in the railroad train line (Figure 12 — 18). 



Fig. 12 — 18. Molten slag 
pouring from runners in 
floor of cast house into 
cinder ladle. 
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the bridge moves along the 

TRACKS PARALLEL TO THE DOCK 
WALL TO BRING THE CARRIAGE 
DIRECTLY OPPOSITE TO A HATCH 
OR OPENING IN THE DECK OF THE 
ORE BOAT. THE CARRIAGE AD- 
VANCES ALONG TRACKS ON THE 
BRIDGE TO BRING THE OPEN GRAB 
BUCKET DIRECTLY OVER THE NATCH. 


THE RIGID LEG SUPPORTING THE 
GRAB BUCKET IS LOWERED BY 
TILTING THE COUNTERWEIGHTED 
ARM UNTIL THE GRAB BUCKET 
CONTACTS THE ORE PILE IN THE 
HOLD OF THE ORE BOAT. 


THE GRAB BUCKET IS CLOSED, 
TAKING A "BITE” OF UP TO ZO 
TONS OF IRON ORE. 



THE COUNTERWEIGHTED ARM 
RAISES THE LOADED GRAB 
BUCKET OUT OF THE HOLD 
OF THE ORE BOAT. 


THE CARRIAGE MOVES BACK TO 
PERMIT THE GRAB BUCKET TO 
DISCHARGE ORE INTO A STATION- 
ARY HOPPER ON THE BRIDGE. 
GATES OF THE HOPPER OPEN TO 
DUMP ORE INTO A DUMP-BOTTO»^ 
TRIPPER CAR WHICH CARRIES THE 
ORE EITHER TO RAILROAD CARS 
OR TO THE ORE TRENCH, WHILE 
ANOTHER -BITE" IS BEING TAKEN 
BY THE GRAB BUCKET. 


Fig. The sequence of operations of a Hulett unloader transferring iron ore from the hold of an ore 

boat to railroad cars or storage areas on the dock. 
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Sometimes the molten slag, if of suitable composition, 
is dumped in specially prepared dumps, from which it 
is removed by a power shovel (after weathering for a 
period of several weeks), screened, and sold as an ag- 
gregate for concrete or as ballast. In granulating slag, 
provisions are made for the molten slag to strike a 
stream of high-pressure water as it falls from the Up of 
the runner, forming a popcom>like mass which later is 
loaded onto cars by grab bucket. In this form, it is used 
in the manufacture of cement Some of the newer fur- 
naces flush the slag directly in long, rectangular, con- 
crete walled pits, open at one end, from which it is re- 
moved by a power shovel and loaded into railroad cars. 
The pits are usually two in number, one being filled 
while the other is being emptied, with from five to seven 
days being required to fill a pit In this form the slag, 
after screening, is used as an aggregate for concrete. In 
a few cases, the slag as it flows from the runner is met 
by a small stream of water, steam, air, or a combination 
of these which partially granulates it, but with no excess 
water, so that the product formed consists of lumps 
which are filled with air cells. After screening out the 
fines, the product is used for insulation or, when cement 
is added, as a lightweight concrete. By adaptation of 
the method used, it is sometimes possible to make slag 
disposal a profitable operation. 

Handling Ore from Vessel— The ore used in many 
furnace plants is mined at considerable distance from 
the plant and requires transportation either by rail or 
water, or a combination of both, before reaching the 
plant site. Coke and limestone, the other essential in- 
gredients, are rarely stored in large quantities and are 
consumed as currently received. In the case of ore, 
weather conditions are often such as to prevent min- 
ing and transportation during the colder months so it is 
necessary to store during the warm months approxi- 
mately half a year’s supply adjacent to the furnaces. 
Since many of the furnaces in this country receive their 
ore from the Lake Superior District, as discussed at 
length in Chapter 6, the transportation of ore from 
there is described very briefly here as being typical of 
water transportation of ore. Ore, at the head of Lake 
Superior, is loaded by gravity, from long piers extend- 
ing into the harbor and carrying overhead bins, into 
specially constructed ore boats capable of carrying up to 
20,000 net tons of ore per trip. These boats have a speed 
of 12 to 15 miles per hour and a draft of 20 feet. Upon 
reaching their destination, the ore is unloaded by Hulett 
unloaders or by special unloading rigs if the plant is 
large enough to justify this special equipment, or, if the 
plant is smaller, by an ore bridge which extends over 
the vessel and permits the ore-bridge bucket to unload 
the vessel. 

The Hulett imloader (Figure 12—19) consists of a 
carriage moimted on wheels which permit it to move 
in and out in a direction at right angles to the dock, and 
which carries a counterweighted pivoted arm, on the 
harbor side of which is located the grab bucket capable 
of handling 20 tons at a time. The operator rides in a 
compartment near the bucket and controls its movement 
from this location. The bucket itself can be rotated, and 
the entire unloader can be moved parallel to the dock. 
The bucket moves downward through the open hatch of 
the vessel, takes its **grab,” and then moves upward and 
backward depositing its grab into a hopper. Under the 
hopper is a rotating feeder which places the ore into a 
sxnall car that runs backward either to a hopper over 
railroad cars or to an ore trench in the ore yard. The ore 
bridge picks the ore from the ore trench and distributes 
it onto the ore pile. 

Hie unloadixig rigs perform the same function as the 


Huletts but differ somewhat in construction. Instead of 
the bucket being carried by a rigid arm, it is hung from 
a trolley resembling a crane trolley; consequently, it 
cannot be rotated and it cannot clean out the hold of the 
vessel as completely as the Hulett, and the additional 
use of a small bulldozer and hand labor is necessary to 
complete the job. 

Car Dumper— For those plants located some distance 
from the point of vessel uidoading, or where ore is re- 
ceived directly from the mines by railroad, a car 
dumper is the usual means used to tmload ore. The ore, 
arriving at the plant in trainload lots, is switched to a 
siding ahead of the car dumper and the cars are un- 
loaded one by one in rapid succession. A car, being 
pulled up an incline to the platform of the dumper by a 
steel cable of a “mule” or “barney,” is lifted bodily and 
turned over so as to empty its contents into a large 
transfer car which, in turn, discharges into an unloading 
trough opposite the location in the stock yard for that 
particular grade. The dumper then resumes its former 
position and the empty car is pushed off the platform, by 
the next car of ore, to an incline, down which the empty 
cars move to a siding. The transfer cars are usually de- 
signed to hold two railroad cars of ore. A nozzle carry- 
ing high-pressure water and mounted upon a rigid 
swivel can be turned on and directed by the operator to 
any crevice in the upturned car bottom where the oar 
has not been dislodged. The quantity of water used 
is so small that it is insignificant in the ore. The ore 
falling from the car passes over grids that hold back any 
large lumps and then drops into a bin. There are gates 

( ' 



Fic. 12—20. Car dumper discharging iron ore 
from a railroad car into a transfer car. 
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Fig. 12 — 21. View of an ore yard serving the blast furnaces in the background. 


at the bottom of this bin which are operated by the 
transfer-car operator in filling the transfer car. A few 
dumpers have been built which are movable, in that 
they are able to move to any location and dump the 
ore directly into the ore trough. These dumpers, how- 
ever, must be attended by a locomotive when operating; 
consequently, only one car can be spotted on the 
dumper at a time. Preference seems to be for the sta- 
tionary dumper with transfer cars. One type of car 
dumper is shown in Figure 12 — 20. 

Ore Yard and Ore Bridges — ^The ore yard (Figure 
12 — 21) is a large space, sometimes with concrete bot- 
tom and sides, which parallels the furnace bin structure 
and serves as storage for approximately a half-year’s 
consumption of ore. Its width is determined by the 
practical maximum span of the ore bridge, which for a 
bridge supported at each end amounts to about 350 feet. 
Other types of bridges are supported by two legs which 
run longitudinally through the ore yard (dividing the 
yard into three separate piles); such bridges have 
cantilevers on the outer sides of the two supporting 
legs. This type gives a longer trolley travel but does not 
necessarily store any more ore per running foot be- 
cause of the space occupied by the supporting struc- 
tures. A trolley running on the bridge proper carries a 
grab bucket of about 15 tons capacity which, when 
stocking, lifts the ore from the dumping trough and 
distributes it on the pile, or removes the ore from the 
pile and deposits it either directly into the bins or into 
a bin or transfer car (Figure 12 — 22) which in turn dis- 
tributes the ore. Some bridges are provided with a bin 
hanging from the bridge into which the bucket dumps 
permitting the bridge to keep working while the bin 
car is dumping its load. In order to obtain the maximum 


benefit of mixing, the ore is stocked in horizontal layers 
and removed in vertical slices. For this reason, the use 
of ore direct from hopper cars unloaded from the trestle 
into the bins is undesirable. The details of the ore- 
handling system will vary considerably but the general 
scheme is essentially as stated. 

Trestle and Stockhouse — If it were not for the fact 
that all parts of a blast-furnace plant are essential to 
its operation, the stockhouse might be considered as the 
most important unit of the plant, with the exception of 
the furnace itself, since its function is to deliver to the 
furnace the correct quantities of ore, fuel and flux with- 
out which the furnace cannot operate. 

The constructional details of the trestle differ con- 
siderably but a trestle of modem design consists of a 
reinforced concrete wall on the stock yard side and 
steel columns on the furnace side, between which is a 
crosswork of transverse and lon^tudinal girders. On 
top, these girders support three or four railroad tracks, 
and on the bottom, the bins proper. The track nearest 
the stock yard carries a side-dump bin car, the next 
track carries railroad cars containing materials such as 
limestone, dolomite, scale, scrap, etc., which are xm- 
loaded by hand, and the next one or two tracks carry 
coke cars. When there are more than six furnaces in a 
line, it is desirable to have two coke tracks so that the 
coke cars, not fully unloaded, may be by-passed. Where 
the coke bins are filled by a belt conveyer, one coke 
brack for emergency use is sufficient. This construction 
results in two lines of bins in the stockhouse, one line 
containing ore, flux and miscellaneous materials and 
the other containing coke. 

A scale car, equipped with scales to weigh accurately 
each material drawn, runs underneath the first line of 
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Fig. 12—22. Transfer or 
bin car emptying ore 
into stock-house pocket. 



bins. The car may have a capacity of up to 40 tons and 
carries two pockets. The ore and miscellaneous material 
bins are equipped with gates on the bottom which may 
be operated either mechanically or by hand (Figure 
12—23). The car delivers its load by discharging into 
chutes leading to the skips. Underneath the second row 
of coke bins, a belt conveyer, fed by vibrating feeders 
at each coke bin, runs toward the skip pit while another 
conveyer on the other side of the skip pit performs the 
same function for the coke bins on that side. Each con-> 
veyer discharges upon a vibrating screen where the coke 
fines are screened out and the oversize discharged into 
a weigh hopper. Here the coke is weighed and at a pre- 


determined weight an electrical contact stops the belt 
and vibrating coke feeders. Provision also is made 
usually to stop the belt and feeders in case a predeter- 
mined volume, rather than weight, is desired. From the 
weigh hoppers, the coke is discharged directly into the 
skips. Considerable time is saved by this method, as the 
operator can be drawing ore while the coke loading is 
being taken care of automatically. The undersized coke 
from the vibrating screen is removed by a small bucket 
hoist, or by conveyer belt, to a storage bin where it is 
rescreened into coarse and fine. The coarse may be re- 
charged separately into the furnace or may be sold as 
domestic coke, while the fines are used imder boilers, 



Fic. 12—23. Scale car in 
stockhouse, showing 
overhead ore bin gates 
from which car is filled, 
and chutes that carry 
coke from bins directly 
to skips. 
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Fic. 12—24. Instruments assist the furnaceman by automatically indicating, recording and controlling temperatures, 
pressures, flows, etc., at the important points in the blast-furnace system indicated in this schematic representation 
of a blast furnace and its auxiliaries. 


as fuel in the sintering xjrocesses, and to make up the 
bottom of soaking pits. In tlie bucket hoist the same 
scheme as that just described is used for the ore, flux 
and miscellaneous materials, but the bucket itself is 
placed, on descending, upon a revolving cone which 
keeps the bucket revolving during the lime it is receiv- 
ing the charge. A charge, or round, is that minimum 
combination of skip or bucket loads of material which 
together provide the balanced complement necessary 
to produce liot metal of the desired specification. Nor- 
mally, the entire chai'gc is deposited on the large bell by 
successive skips or buckets and enters the furnace upon 
lowering of the bell. However, through preference or 
because of the limited cax>acity of the large bell hopper, 
the charge or round may be ‘‘split” and require two 
drops of the large bell. 

Blowers, Boilers, Pump Houses, Etc. — These vital parts 
of the blast-furnace equipment present features of more 
interest to engineers than to metallurgists. The blowing 
of the furnace, on all later installations, is by turbo 
blower, this type of equipment having almost com- 


pletely displaced internal-combustion gas engines and 
steam reciprocating engines. It is noted that many instal- 
lations now receive steam at 700 pounds per square 
inch pressure with a total temperature of 750 "F. There 
has been at least one installation abroad where a gas 
turbine has been used to blow a blast furnace. The 
boilers almost universally bum secondary clean gas, 
with unit coal j^ulverizers provided at each boiler for 
auxiliary firing. Tlie water system is usually designed 
to deliver water at tuyere level at 30 pounds per square 
inch head. The water is treated with lime if it is of a 
corrosive nature, and may be chlorinated suflBciently 
to prevent algae growth. 

liLstrumentaiion and Control — ^The blast-furnace 
operator is aided and guided in establishing and main- 
taining the best possible balance between the many 
variable factors affecting furnace operation by numer- 
ous automatic devices which indicate or record condi- 
tions at various points in the furnace system (Figure 
12 — 24 ) and may operate control mechanisms that auto- 
matically regulate important variables. 


SECTION 5 


OPERATION OF THE FURNACE 


When a blast furnace is completed and provided with 
as much of the equipment described above as is neces- 
sary or desired, the active campaign to produce iron 
may begin. In blast-furnace parlance, the process of 


starting a furnace is called blowing in. It is carried out 
in three steps, drying, filling, and lighting. 

Drying — Newly constructed furnaces and stoves, or 
new linings, must be carefully and thoroughly dried 
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before they are put into service. In the case of the blast 
furnace, any one of several methods may be employed. 
In one method Uie drying is accomplished by a gas fire 
in tlie hearth but this method has become obsolete be- 
cause of some hazards involved. Another and safe 
method is to build three or four “Dutch ovens” at dif- 
ferent points outside of the hearth, fire these ovens with 
coal or coke, or a combination of the two, and allow the 
products of combustion to be drawn through the cooler 
openings into the bottom of the furnace. This method re- 
quires the assembling of the fuel at the Dutch ovens and 
tlie disposal of the aslies. A third method makes use of 
the hot blast for drying. In carrying out this method, the 
stoves are heated as when the furnace is operating, and 
air from the blowers is passed through the stoves, then 
to the bottom of the furnace through the regxilar con- 
nections and a number of special pipes extending from 
tlie tuyeres inside the furnace to the bottom. While this 
method also is perfectly safe, it can be used only where 
gas is available for heating the stoves, and is not 
practicable when the drying must be extended over long 
periods of time. Still another safe metliod is to build a 
fire of scrap lumber in the hearth of tlie furnace. The 
fire may be kept burning for several weeks. During tlie 
drying out, the openings at the bottom of the furnace 
are kept covered to prevent the drawing in of an exces- 
sive amount of air, while tlie bleeders at the top are kept 
open. In all cases, the heat must be applied very gradu- 
ally. About ten days are required with these methods, 
but when feasible to do so, Uiis time well may be pro- 
longed to two weeks or more. Since the mass of brick- 
work in the hearth is quite large, it is customary to dry 
this part of the furnace as each course of bottom block 
is being laid. This is accomplished by placing unit 
heaters or knock-down salamanders on top of tlie newly 
laid course during tlic off turn. Some operators employ 
thin electric heating strips between the lower two 
courses of bottom blocks and dry by electricity. In some 
cases, steam is turned into the cooling staves to help the 
drying. Following the drying period, some heat must 
be kept up until such time as the furnace is put on blast 
to prevent absorption of moisture from the atmosphere. 
Small unit heaters at the iron notch and cinder notch 
have worked quite successfully in accomplishing this 
objective. 

Filling — After the furnace is sufficiently dried, it is 
allowed to cool slightly, and then the important process 
of filling is begun. While different individuals pursue 
slightly different methods, the general scheme is carried 
out rather uniformly. Briefly stated, it consists of first 
placing wood and coke, or coke alone, on the bottom to 
a height somewhat below the level of the tuyeres, about 
which any easily ignited material, preferably charcoal, 
is piled; then following this material with a large 
quantity of coke, mixed with enough limestone to flux 
its ash, and gradually introducing ore with the proper 
amount of flux. Good practice requires that this initial 
volume of coke should be about half the cubical con- 
tents of the furnace. Sometimes, to gel an easily fusible 
slag and a good volume of it, blast-furnace slag may be 
introduced ahead of the ore. These are called blow-in 
burdens, and additions are made until the furnace has 
been filled to the stock line, when it is ready for light- 
ing. 

Lighting — The lighting of the materials in the bottom 
of the furnace may be done in several ways. If the space 
in front of the tuyeres has been filled with light kindling 
wood, oil is poured or sprayed in at the tuyeres until 
the wood is thoroughly soaked with it. Then, with the 
furnace isolated from the gas-main system beyond the 
dustcatcher, mains and bells closed, the bleeder and ex- 


plosion doors are opened, a light blast is turned on, and 
the wood ignited. Often, a wood fire is built in the stove 
nearest the furnace, and the oil-soaked wood is ignited 
by blowing sparks over with the blast. Others prefer to 
light the furnace with hot blast alone or with an oxygen 
lance. With a light blast on, the wood soon bums away, 
and the stock begins to settle, after which the blast 
volume is gradually increased. Some furnacemen start 
ofl, after the fires are well caught, with a fairly high 
blast volume for a few minutes, in order to drive the 
flames well in toward tlie center of the furnace and con- 
sume the wood quickly, as it is thought that a better 
initial settling of the stock is thus obtained. As soon as 
the stock gives signs of settling, the blast volume is re- 
duced to that normally used for the rest of the 
blowing-in period, which volume is at first about 
that used when the furnace is in fuU blast. Up to tliis 
point a great deal of gas and smoke escapes from the 
furnace openings, and great care must be exercised, for 
the gases contain a high percentage of carbon monoxide. 
Great care is also required to prevent explosions, bo- 
cau.se, as pointed out in the chapter on fuels, mixtures 
of furnace gas and air in a wide range of proportions 
are explosive. Also, tlie gas from a newly lighted fur- 
nace contains hydrogen above that normally present. 
Since the interstices of the stock in the furnace are 
filled with air at first, an explosive mixture may be 
formed any time soon after the lighting, and if this 
mixture should be ignited it might cause serious dam- 
age. The difficulty is overcome generally by allowing 
the gas to escape through the bleeders to the atmo.s- 
phere for several hours, after which time valves to 
the gas-main system are opened. Outlets at the ends of 
the gas mains are kept open until all the air has been 
expelled, which condition is indicated by the color and 
odor of the escaping gas. Both men and fires are kept 
away from these openings until the outlets have been 
closed. 

Heating the Bottom — Another featxire connected with 
the lighting of the furnace is heating up the bottom, 
which is warmed by the drying-out fires to only a 
slight degree as compared witli the temperature re- 
quiied to keep molten the slag and iron that form. In 
order to have the bottom at the proper temperature when 
slag begins to form, two methods are employed, botli of 
which involve leaving an opening at the tapping hole 
so as to draw flame downward from the tuyeres upon 
the bottom. In the first method, a round tapered wood 
plug, three or four inches in diameter at the smaller 
end, is placed in the taphole and the space about it is 
packed full and tight with clay. With the rise in temper- 
ature due to the burning of the wood and coke in the 
bottom, the clay sets, and tliis plug is then removed, 
which permits tlie flame from within to shoot forth, thus 
heating up the runner outside as well as the bottom 
inside the furnace. When slag begins to flow from tlie 
taphole, the opening is closed until time for tapping the 
first iron has arrived. In the second method, an iron 
pipe, about four inches in diameter, is placed in the 
furnace before it is filled, so that one end protrudes from 
the taphole outside the hearth, while the other extends 
to the center of the furnace. The space about the pipe 
where it passes through the wall of tlie hearth is tamped 
with clay or ball stuff, which is also built up about the 
part of the pipe within the furnace for a foot or so from 
the hearth wall. When the furnace is lighted, the gas 
flame is drawn to the center of the bottom to pour forth 
from the exterior end of the pipe. This pipe need not be 
moved until a fairly large flow of slag is attained, when 
it is drawn from the taphole, which is immediately 
closed, as in the case of the wooden plug. 
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Ileatiug the Stoves — ^The temperature of the hot blast 
^Ahen the furnace is in full operation is about 1000 '’F 
(540‘'C) and it is a great help if the stoves can be 
hoatcd to provide this temperature at the time of light- 
inj> of furnace, for the furnace and filling are cold to the 
hoitom. The required stove temperature usually is ob- 
1 .'lined by the use of blast furnace gas, but in the case of 
isolated furnaces where gas is not available before 
starting up tlie furnace, the stoves are heated as hot as 
possible by wood and coal fires, by natural gas, or by 
.special fuel-oil burners before lighting the furnace. 

Blast Control — For a good blow-in it is now regarded 
that the volume of blast blown should be increased 
i airly rapidly (as opposed to former practice requiring 
as much as a month to get to full wind). Rapid increase 
jn the blast produces better penetration at the tuyeres; 
the furnace more quickly starts to work regularly. An 
empirical figure of about 125 cubic feet of blast per 
minute per square inch of tuyere area seems to produce 
the desired penetration. The usual procedure is to light 
tlie furnace with at least half of the tuyeres plugged 
and then to open a tuyere at a time as tlie blast is in- 
ci eased. In addition, many operators use a tuyere 
smaller in diameter when blowing-in than tliose which 
will be used when the furnace reaches normal opera- 
tion. The furnace is lighted with both the “snorter” 
(snort valve) and peep sights open which gives hardly 
more than a breeze entering the furnace. The peep 
.sights ai‘e closed gradually and then the snorter also 
IS closed gradually so that 4 or 5 hours after the furnace 
has been lighted, the snorter is completely closed. The 
divergence in opinion as to how fast the blast should be 
mcroased is indicated in the following tabulation of 
two blow -ins. 


Per Cent of Full 
V\ ind Being Blown 

25.0 

40.0 

50.0 
GO.O 

70.0 

80.0 

90.0 


Hours from Time Snort Valve 
IS ciosea 


Operation A 


Start 

4.0 

9.0 

19.0 

34.0 

54.0 


Oper ation B 

Start 

12.0 

20.0 

28.0 

3G.0 

48.0 

72.0 


In both operations it requires several days to get tlie 
last ten per cent of tlie wind on the furnace. The eco- 
nomic importance of obtaining production from such a 
costly assembly of equipment is obvious. 

Flushing and Casting — About 18 hours after the 
snorter has been clo.sed, there will be a suflicient ac- 
cumulation of slag to flush. This is done by removing 
the bott from the monkey, and pricking through the 
solid slag with a steel bar. The bleeder is closed several 
hours after the snorter is closed and the gas now can bo 
used in the stoves and boilers. Up to this time the 
blow-in blast-furnace gas is higher in carbon monoxide 
and hydrogen than normal, with generally unsatis- 
factory combustion characteristics. With a multiple fur- 
nace plant, the procedure is to turn the steam off the 
dustcatcher and open the water seal or goggle valve be- 
tween the dustcatcher and the gas line, thus permitting 
tlie gas from the other furnaces to flow momentarily 
through the open bleeder, after which the bleeder is 
closed. In a single furnace plant, a connection such as a 
boiler burner is left open at the extreme end of the gas 
main and the gas forces the air ahead of it through the 
open connection. Extreme care must be exercised at 
this point that no fires are adjacent to the open connec- 
tion which might ignite the explosive mixture being 
forced out of the connection. 


It requires about 24 to 30 hours before enough iron 
accumulates for the fiist cast. A hole is bored by means 
of a long auger or drill, electrically or pneumatically 
operated, into the clay plug of the tapping hole until 
the hard iron skull is reached. The loose dust is blown 
out of the hole by a jet of compressed air. The splasher 
having been put in place, the opening of tlie hole is com- 
pleted by an oxygen lancc, a small quantity of coal 
having previously been placed into tlie end of the hole to 
provide a means of “lighting the lance ” Tlie coal itself 
is ignited from the heat of the red hot .skull, and soon 
the iron skull is melted. The iron then flows down the 
runner, under the skimmer, and into the ladles provided 
to receive it. During the flow of the metal, samples of 
the iron for chemical analysis and fracture tests are 
taken by collecting small spoonfuls from the main 
runner. The iron is usually analyzed for silicon, .sulphur, 
manganese, and phosphorus. The slag which follows the 
iron near the end of the cast is stopped by the skimmer 
where it is run off through a runner to the slag ladles 
or granulating pit. When the iron has ahnost cea.sed to 
flow and gases are pouring from the hole, the blower 
signals the blowing room to reduce the blast and also 
may open the snort valve, it being the practice with 
modern guns to stop the hole with about 10 pounds blast 
pressure on the furnace. The clay gun is then swung 
into position for stopping tlie hole and the clay forced 
into the tap hole. 

Care of Runners — After the tapping hole has been 
closed (from one to three minutes being required), the 
troughs are emptied, and preparations for the next cast 
are begun. The runners are cleaned carefully of both 
metal and slag, and their inside surfaces are carefully 
brushed with a thick clay or loam slurry, which, when 
dry, protects the trough, and prevents the iron from 
sticking to the rimner. More recently a preference has 
been shown for a carbon-lined main trough due to the 
reduced scrap produced, since the iron does not stick to 
tlie carbon brick. For such main runners a steel plate 
trough is built, lined next to the plate with firebrick, 
and a carbon -brick facing placed next to the firebrick. 
The carbon brick is plastered with clay before cast time 
in order to keep the carbon from oxidizing during cast. 
Water can be turned directly on the red-hot carbon 
after a cast without any deleterious effects. 

Sampling the Iron — Sampling pig iron is a very im- 
portant part of every tapping (cast). As the iron is 
graded by chemical composition, care must be taken to 
obtain a sample that will be representative of the whole 
cast. This sample, therefore, is generally made up of a 
number of equal portions taken from the main runner 
at the farther side of the skimmer and at periods cor- 
responding to the first, middle, and last thirds of the 
cast. These samples consist of small castings made by 
pouring the metal into a mold. Chill tests of all slags 
are also taken and a daily composite analysis made for 
each furnace. 

Changing Stoves — The temperature of a furnace at the 
hearth is a matter of great importance, as this is one of 
the two main factors which control the quality of the 
iron produced. The other main factor is the composition 
of the slag. One of the means of regulating hearth 
temperature is by control of the hot- blast temperature. 
This may be raised or lowered by use of the mixer 
valve, and can be kept high by proper manipulation of 
the stoves. It has been said with some justice that when 
the slag is of proper composition and temperature, the 
quality of the iron automatically will take care of itself. 
As a part of the routine of blast-furnace work, the tend- 
ing of stoves is of importance. They must be kept clean 
and be changed regularly and at not too long intervals. 
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SECTION 6 

CHEMISTRY OF THE PROCESS 


The reactions of the blast furnace have been 
thoroughly investigated, not only by deductions from 
observation and controlled laboratory experiments, but 
also by experiments conducted with small experimental 
himaces and indeed with full size furnaces— -the latter 
being conducted through holes left in the wall when 
the furnace was built. To summarize the knowledge thus 
gained in the briefest possible form, the several possible 
reactions for each element entering the furnace arc set 
down. At one zone or another each may occur, though 
the final result is the same regardless of the precise 
stages actually passed through by any particular part 
of the charge. 

Reactions of Oxygen and Carbon — 20.8 per cent of the 
blast by volume or 23.2 per cent by weight is oxygen, 
which enters the furnace at a high temperature, say 
1000®F (540®C) and, coming in contact with hot coke, 
immediately reacts with carbon, giving off heat, thus: 

C -f O, = CO, (-f 170010 Btu)* (1) 

In the presence of an excess of carbon at a high tempera- 
ture, COa is at once reduced to CO, and 73390 Btu are 
absorbed per pound-molecule of COa. 

CO, + C =r 2CO (- 73390 Btu) (2) 

The net heat, then, from (1) and (2) is 170010 - 733D0 
= 96620 Btu, or 48310 Btu per pound mol. of CO. 

At moderately high temperatures the CO gas acts 
upon ferric oxide as a reducing agent and in so doing 
will liberate heat at the same time, thus: 

SCO -i- Fe,0, = 2Fe -f SCO, (+ 7800 Btu) (3) 

— (3 X 48310 Btu) — 357300 Btu + 

(3 X 170010 Btu) = -f 7800 Btu 

At temperatures ranging from 482°F to ISOS^F (250 to 
700® C), the latter a dull red heat, the reduction of Fe,0» 
by CO may take place in three steps, the FcaO* being 
successively reduced to FetOi, FeO, and finally to Fe. 
Tliat the reduction of the ore in the blast furnace does 
taxe place in this way is suggested by the fact that a 
large part (60 to 74 per cent) of the flue dust ejected 
from the top of the furnace is magnetic though only 
FeaO» may have been charged. If all three of these reac- 
tions proceed to completion, the total heat liberated and 
the total iron reduced would be the same as that in 
reaction (3) for equal weights of CO. A very interesting 
reaction may take place between Fe,Oi and CO at low 
temperature as in Reaction (4) , in which carbon is de- 
posited and heat is liberated, thus: 

2Fe,0. + 8CO = 7CO, 4 - 4Fe + C (+ 88990 Btu) .(4) 

— (2 X 357300 Btu) — (8 x 48310 Btu) -f 

(7 X 170010 Btu) = 4- 88990 Btu 


♦In the interests of xmiformity, all heats of formation 
used in this book, imless otherwise stated, are expressed 
in Btu per pound-molecule at 64.4* F (18* C), based on 
the values given in “The Thermo-chemistry of the 
Chemical Substances,** by F. Russell Bichowski and 
Frederick D. Rossini, Reinhold Publishing Corp., New 
York (1936). It is, however, recognized that the heating 
value of coke carbon is higher than that given for carbon 
in the graphitic form; fof coke carbon the value is 
174,600 Btu per pound mol., or 14,550 Btu per pound of 
coke carlx>n. 


Carbon is not deposited by the action of CO upon 
FeO or FesO* (magnolito), but it may be deposited ai 
temperatures below 1112 ®F (600®C) by the action of 
metallic iron upon CO, thus: Fe 4 - CO =: FeO 4- C. Also, 
as the ore is reduced, carbon may be deposited by the 
reversible reaction, 

2 CO CO. 4 - C (=t 73390 Btu) 

(2 X 48310 Btu) ± 170010 Btu = ± 73390 Btu 

Since this is an equilibrium reaction, the amount of 
carbon deposited depends upon the ratio of CO to CO? 
and the temperature, reaching a maximum at about 
942®F (505®C) with the ratio CO/CO. - 0.4. This free 
carbon penetrates a porous ore to some extent, and 
seemingly becomes a more powerful deoxidizer of the 
ore than CO at temperatures above 1382®F (750®C). 

The COa formed in the preceding reactions and from 
the decomposition of limestone may act as an oxidizing 
agent, absorbing or giving off heat, as shown in Reac- 
tions (5), ( 6 ) and (7). 

Fe 4- COa = FeO 4 - CO (- 5960 Btu) (5) 

— 170010 Btu 4 - 115740 Btu 4 - 48310 Btu = - 5960 Btu 

3 FeO 4 - COa =r FQ,Oi 4 - CO ( 4 - 11500 Btu) .... ( 6 ) 

— (3 X 115740 Btu) - 170010 Btu 4> 

480420 Btu } 48310 Btu = 4 - 11500 Btu 

3Fe j 4CO. - Fo,0^ -f 4CO (-- 6380 Btu) (7) 

— (4 X 170010 Btu) 4- 480420 Btu 4 - 

(4 X 48310 Btu) = — 6380 Btu 

These reactions may take place at temperatures rang- 
ing from about 662® to 1562®F (350® to 740®C) and to a 
degree are governed by the relative amounts of CO* 
and CO in the furnace gas. 

Carbon alone is also a reducing agent toward oxide.s 
of iron at temperatures of 942® to 1292®F (505* to 700®C) 
but the reduction of ore by carbon alone absorbs much 
heat whether the reduction takes place at these or at 
higher temperatures, as shown by Reactions ( 8 ), (9) 
and (10) . However, the carbon monoxide produced can 
be utilized in the indirect reduction of more iron oxide 
and thus liberate heat, minimizing the net heat- 
absorbing effect. 

3Fe*0* 4- C = 2Fe.O* 4 - CO (— 62750 Btu) (8) 

— (3 x 357300 Btu) -h (2 x 480420 Btu) -h 

48310 Btu = “ 62750 Btu 

Fe.,04 + C ™ 3 FeO -h CO (- 84890 Btu) (9) 

— 480420 Btu 4- (3 X 115740 Btu) 4 - 

48310 Btu = — 84890 Btu 

FeO 4 - C ™ Fe 4 - CO (- 67430 Btu) (10) 

- 115740 Btu 4“ 48310 Btu = - 67430 Btu 

Under proper conditions the reduction of Fe*0* by solid 
carbon may take place in a direct way, thus: 

FeaO. 4 - 3C = 2 Fe 4 . 3CO (— 212370 Btu) 

- 357300 Btu 4 - (3 X 48310 Btu) = - 212370 Btu 

At very high temperatures — say around 2700® F — carbon 
in large excess may reduce manganese, silicon, and 
phosphorus oxides, the reactions being represented 
thus: 

MiuO* 4-0 = 3 MnO 4- CO (- 51590 Btu) (11) 

— 621000 Btu 4 - (3 X 173700 Btu) -f- 

48310 Btu = - 51590 Btu 
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MnO + C = Mn + CO (~ 125390 Btu) (12) 

- 173700 Btu -f- 48310 Btu - - 125390 Btu 

SiOa -f 2C = Si -f 2CO (- 269390 Btu) (13) 

366010 Btu + (2 X 48310 Btu) = - 269390 Btu 

PaO. -f 5C = 2P -f 5 CO (- 406450 Btu) (14) 

-- 648000 Btu + (5 X 48310 Btu) = - 406450 Btu 

Since it is probable that silica often does not exist as 
such, but rather in chemical combination with other 
oxides, and since the silicon is dissolved in iron, equa- 
tion (13) cannot be used as absolute in determining the 
heat absorbed. 

Some oxygen also enters the furnace as water vapor 
in the blast, where the following endothermic reaction 
occurs: 

HaO -f c = CO + Ha (- 55730 Btu) 

- 104040 Btu -f 48310 Btu = - 55730 Btu 

The hydrogen formed may do work temporarily by re- 
acting with iron oxide and reducing it thus; 

FeO + Ha =: HaO + Fe (- 11700 Btu) (15) 

- 115740 Btu -f 104040 Btu = - 11700 Btu 

The water so formed is again decomposed as shown by 
the presence of hydrogen in blast-furnace gas. There- 
fore, the net energy result from water vapor is a loss. 

In this connection it should be noticed that, since 
carbon is the only fuel employed, the carbon -oxygen re- 
actions must be relied upon to furnish the heat required 
in the process, and that only a few of these are heat 
producing. The net heat from Reactions (1) and (2) and 
the heat evolved by Reactions (3) and (4) produce most 
of the heat absorbed by other modes of reduction, also 
that required to dry the raw materials, to decompose 
the carbonates and hygroscopic minerals, to melt the 
iron and slag, and to replace the heat wasted. On this 
account they are among the most important reactions 
occurring in tlie furnace. 

Behavior of Nitrogen — Nitrogen and the other inert 
gase.s of the air, totaling 79.2 per cent of the blast by 
volume, pass through the furnace, for the most part, 
unchanged chemically. Since they equal in weight 
about six-tenths of all the other materials entering the 
furnace, they play an important part in heat convec- 
tion, and make a source of unavoidable heat waste. 
Some nitrogen, however, possibly may react with alkali 
carbonates and carbon to form salts of hydrocyanic 
acid. 

K.C0.4-4C-f N.=: 

2KCN + SCO (—246500 Btu) (16) 

- 494030 Btu + (2 X 51300 Btu) + 

(3 X 48310 Btu) = — 246500 Btu 

This reaction explains the trace of cyanogen (CN)a 
analytically detectable in blast-furnace gases. In the 
iron blast furnace the cyanide compounds are largely 
decomposed or oxidized within a short distance above 
the bosh, and in furnaces making ferroalloys, the gas is 
likely to contain more cyanogen, perhaps because the 
zone of cyanide decomposition is nearer the top. 

Carbon in Pig Iron-Other than the metal iron itself, 
carbon is the most important element in pig iron. In 
iron for steelmaking, since the carbon must be removed 
largely by oxidation, it may be said to be a fuel. Due to 
the nature of the process and the chemical properties 
of the elements involved the amount of carbon in pig 
iron cannot be controlled wholly in the blast furnace 
except, indeed, within a relatively narrow range above 
a certain minimum which varies for different grades. 
The reasons for this statement may be explained briefly 


as follows: in the blast furnace, the ore is reduced 
largely in the upper part of the furnace, and the reduced 
iron is melted in the fusion zone above the tuyeres, 
whence it falls in drops through the slag into the hearth 
where it lies in contact with the bottom of the central 
column of coke. In the hearth, the iron gives up sulphur 
to the slag, the sulphur contents of the metal and slag 
finally approaching a condition of equilibrium. The 
amount of carbon absorbed depends not only upon 
the temperature, but also upon the percentages of 
manganese, silicon and phosphorus which the iron con- 
tains; for example, high temperature and high- 
manganese content increase the car>)on content of the 
iron. 

Briefly, the factors affecting the total carbon in pig 
iron are as follows: 

1. Hearth temperature. At 2100®F (llSO'^Cl, under 
favorable conditions, the purest iron will absorb 
4.25 per cent carbon, and this carbon content is in- 
creased by about 0.15 per cent for each increase 
of lOO^F (55°C). Hearth temperatures, however, 
are adjusted to other more important factors, such 
as the control of silicon and sulphur. In considering 
the effect of temperature upon molten iron, it is 
necessary to keep in mind that the effective 
temperatures arc inevitably above a certain mini- 
mum of about 2085‘‘F (1140‘*C), marking the freez- 
ing point of the iron-carbon eutectic (see discus- 
sion of the iron-carbon equilibrium diagram in 
Chapter 42) . 

2. Rate of cooling immediately after tapping. Control 
of the cooling rate of the liquid iron gives the only 
chance of controlling the total carbon. If the cool- 
ing prior to solidification is slow, carbon in excess 
of the eutectic composition separates as graphite, 
which rises to help form the mixtiu-e of graphite 
and slag known as kish. Such control of carbon is 
restricted by other factors. 

3. Composition of the iron. The proportion of carbon in 
the eutectic alloy and the total amoimt of carbon 
the iron will absorb at a given temperature are 
affected by the presence of other elements, the 
individual effects of different elements being about 
as follows: 

(a) Silicon reduces progressively the carbon in 
the eutectic from 4.25 per cent to about 3.50 per 
cent with 3.0 per cent silicon present, but as a 
high temperature (at which carbon solubility 
is increased) is necessary to obtain the higher 
silicon, the total carbon may not be much af- 
fected, the net result being rather to decrease 
the combined* carbon and increase the gra- 
phitic. Since low silicon is obtained at low tem- 
perature, lowering the silicon will neither raise 
nor lower the carbon much from about 4.25 per 
cent. 

(b) Phosphorus decreases the total carbon the iron 
will absorb, one per cent causing a drop of 
about 0.3 per cent in the carbon held at any 
temperature above 2200T (1205*C). It prob- 
ably lowers the melting point of the eutectic, 
hence increases the loss of carbon as kish when 
the iron is held a time in tlie liquid state. 

(c) Manganese, also chromium, titanium, vana- 
dium, tungsten, and columbium are carbide- 
forming elements and tend to increase the total 
carbon and to hold more of it in combined 
form on cooling. The effect of manganese in 
increasing the carbon is much less than (he 
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effect of silicon in decreasing the carbon, one 
per cent manganese increasing the total carbon 
by about 0.04 per cent, and one per cent 
silicon decreasing it by about 0.3 per cent. 
Thus, an increase of 7 to 9 per cent manganese 
would be required to neutralize the effect of 
a one per cent increase in the silicon content, 
(d) Sulphur, in amounts usually occurring in pig 
iron (0.03 to 0.05 per cent) , even up to 0.2 per 
cent, has little effect upon the total carbon. It 
does, however, show a marked effect in op- 
posing the formation of graphite, so that with 
silicon constant, say at one per cent, a chill 
test reveals any increase in sulphur by in- 
creasing the depth of chill. 

Silicon — Silicon enters the furnace as silica (SiOa), 
.some of which may be combined with bases as silicates. 
At temperatures of about 2192'’F (1200”C), correspond- 
ing to the fusion zone in the blast furnace, the greater 
portion of this silica combines with lime, CaO, and other 
bases to form silicates. However, at a high temperature, 
such as exists in the hearth of the furnace and in the 
presence of carbon, silica is reduced, and the resultant 
silicon combines with the iron to form iron silicide, as 
represented by the following two equations: 


SiO* 4- 2C = Si + 2CO (13) 

Fe 4- Si = FeSi (17) 


The ordinary amounts of silicon dissolve in the iron 
and formation of the silicide is theoretical. Besides the 
effects of silicon upon the carbon given above, other 
uses and characteristics are listed as follows: 

1. In steelmaking processes, it is oxidized to SiOi and 
enters the slag. This reaction is important in the 
acid Bessemer process (and to a less degree in 
other processes) because it is an essential source 
of heat. 

2. In the blast furnace, the amount reduced, though 
difficult to control closely, depends upon the slag 
composition and the temperature. Below 2700®F 
silicon may absorb oxygen from carbon monoxide 
(CO) and its reduction absorbs much heat; hence, 
high temperature and the presence of iron with 
which it can combine instantly are essential. Its 
reduction, therefore, is possible only below the 
melting zone. 

Manganese — Coming now to the elements that are 
introduced into the pig iron through reduction processes 
occurring in the furnace, manganese is the one most 
closely resembling iron in its chemical conduct. While 
traces of the element are found in both the limestone 
and the coke ash, practically all that entering the fur- 
nace is present as an ingredient of the ore or in ma- 
terials such as open-hearth slag or converter slag, in 
which it occurs as oxide, silicate or phosphate. The 
manganese compounds are never wholly reduced in the 
furnace, and the proportion of them that is so reduced 
depends upon the conditions of the temperature and 
basicity of the slag. Under conditions ordinarily pre- 
vailing in the blast furnace producing pig iron, from 50 
to 75 per cent of the total amount of this element 
charged will be found in the pig iron, the highest pro- 
portion being obtained with high hearth temperatures 
and basic slags. 

Manganese alloys with iron in all proportions. An 
alloy containing 10 to 25 per cent manganese is called 
spiegel, or spiegeleisen. Alloys containing 40 to 80 per 
cent manganese are called ferro m a n ga n ese. 

Manganese decreases the effects of sulphur, with 


which it combines, forming MnS and replacing iron in 
the sulphide FeS. If a high-manganese iron is kept 
molten for some time, some of the sulphur it contains 
will react with manganese in the iron to form 
manganese sulphide, which will rise to the surface, like 
slag, and react with the oxygen of air, liberating sulphur 
as oxides. With high-manganese ores, this fact can be 
utilized to reduce the sulphur content of the pig iron 
but in order thus to obtain a material reduction of the 
sulphur content the manganese content of the pig iron 
should exceed 2 per cent. For these reasons, a high 
content of manganese is desirable in some irons for the 
foundry and in all irons in open-hearth steelmaking 
purposes. Manganese is less desirable in iron to be 
utilized in the Bessemer process in which it is oxidized 
and unites with silica to form a slag that fuses at a 
comparatively low temperature and is very fluid, so that 
iron containing more than 0.5 per cent manganese gives 
rise to a condition known as a “sloppy” heat when blow- 
ing iron in the Bessemer converter. High manganese is 
also undesirable in certain grades of foundry iron. 
Hence, the manufacture of merchant iron requires that 
manganese, as well as silicon, sulphur, and phosphorus, 
be controlled. 

Phosphorus — Phosphorus is the only element entering 
the blast furnace over which the skill of the fumace- 
man has practically no control, except by proper selec- 
tion of raw materials. Its compounds are completely 
reduced, so that essentially all the phosphorus in the 
raw materials is found in the metal. Phosphorus enters 
the furnace with the charge in the form of phosphates. 
At very high temperatures and in the presence of 
carbon, these compounds are reduced, as shown in Re- 
action (14). Pho.sphorus may react with iron to form 
iron phosphide, thus: 

3Fe4-P = Fe,P. .(18) 

This phosphide, however, is soluble in iron and be- 
comes a part of the metallic bath in the blast furnace. 

Disposition of Sulphur — Sulphur is carried into the 
furnace mainly by the coke, though 10 to 20 per cent 
of the total is often found in the ore and the limestone. 
The sulphur contained in the coke enters in the form 
of elementary sulphur and FeS, all of which, when 
melted, alloy with the iron in the furnace; a smaller 
portion, in the form of sulphates, such as CaSO*, enters 
as an impurity in the ore, limestone, and coke, and is 
reduced to sulphide in the presence of carbon. At a very 
high temperature and in the presence of carbon and a 
basic slag (wherein the ratio of CaO 4- MgO to SiOa 4- 
AlsOs is greater than 1), a reaction takes place which is 
usually represented as follows: 

FeS 4- CaO 4- C = CaS -f- Fe 4- CO. .(19) 

This reaction, being influenced by other conditions as 
well as those just mentioned, never goes to completion, 
so a small portion of the sulphur remains in combination 
with the iron. This iron sulphide is soluble in iron, 
hence, becomes a part of the metal. 

The blast furnace provides the only economically 
positive means for the control of sulphur. Removal of 
sulphur in any of the steelmaking processes is either 
uncertain or expensive, or both. For this reason, pig 
iron containing less than 0.05 per cent sulphur is prefer- 
able for making steel by all the fusion processes. 

Action of Calcium and Magnesium — Calcium and 
magnesium enter the furnace mostly as carbonates. 
Small portions may be in the form of silicates, in which 
CaO and MgO are combined with SiOt, and may undergo 
no chemical change in the furnace. The carbonates, 
however, are slowly decomposed at temperatures above 
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1470 'F (800*0), liberating COi, with the reaction be- 


coming rapid at 1740"F (950*0). 

CaOO» = OaO CO, (-77850 Btu) (20) 

-- 521100 Btu -f 273240 Btu -f 170010 Btu = - 77850 Btu 

MgOOs = MgO -f- OO, (-49410 Btu) (21) 

- 482400 Btu -f 262980 Btu + 170010 Btu = - 49410 Btu 


M the proper temperature for their formation the 
i-austic lime and magnesia, in intimate contact with 
mOls both combine with it to form slags. 

Action of Aluminum— Aluminum, in the fonn of 
alumina (AhOs) and aluminum silicates, are found in 
ore, flux, and fuel. Neither alumina nor aluminum 
Silicates are reduced under the conditions that prevail in 
a blast furnace. Alumina may exert a marked influence 
upon the fluidity and fusibility of the slag, and increases 
the desulphurizing power of the slag. Alumina in slag is 
neither definitely acid nor basic. Investigating the ques- 
tion as to whether or not alumina is an acid or a base, 
1 uris of one week each were made in which the alumina 
in the slag was varied from 11 per cent to 21 per cent, 
approximately, to produce the same grade of pig iron. 
The data were then collected and compared as shown 
in the tabulation below. It will be noticed that magnesia 
lias been omitted. This omission was made because the 
magnesia in the slag was fairly constant in all ca.ses, 
t anging between 2.1 and 2.4 per cent. 


<u 

1 

2 

3 

4 

5 

6 

A 

ALOa 

SiOs 

CaO 

CaO 

CaO -f- ALO. 

CaO 

S, 

% 

% 

% 

AlaOji -j- SiOa 

SiO, 

SiO. 

A 

11.5 

34.5 

51.5 

1.20 

1.82 

1.49 

A 

18.6 

31.2 

47.9 

0.96 

2.13 

1.53 

G 

20.1 

31.0 

46.5 

0.91 

2.15 

3.50 

F 

20.8 

30.4 

46.5 

0.91 

2.21 

1.53 


Columns 4, 5, and 6 give the acid-to-base ratios with 
the alumina considered respectively as an acid, a base, 
and a neutral or amphoteric component respectively. It 
IS at once noticed that with alumina omitted, the ratios 
are almost constant as they should be to produce iron 
of the same kind, grade, and quality. The ratios in 
columns 4 and 5 show a variation not to be expected 
under the conditions of the experiment. A comparison 
of columns 1, 2, and 3 indicates alumina may act as an 
amphoteric component. Many furnaces are running 
with higher magnesia (about 5 per cent) in the slag 
than that indicated above and a ratio of lime-plus- 
m agnosia to silica of from 3.35 to 1.40 is considered as 
producing an ideal slag. 

Action of Less Abundant Elements — ^Titanium, potas- 
sium, sodium, zinc, arsenic, barium, beryllium, boron, 
copper, chromium, nickel, selenium, tellurium, tin, zir- 
conium, and vanadium are some other elements which 
are present in very small, but varying, amounts in the 
raw materials going to the blast furnace. 

Titanium enters the furnace as titania, TiOa, combined 
with some base, or as ilmenite (FeTiOg or FeO-TiOi). 
When titania comprises less than about two per cent of 
the ore burden, 50 to 60 per cent of the titania will ap- 
pear in the slag as TiO«, and the balance will be reduced 
and appear in the iron. When TiOg in the slag exceeds 


about 1.5 per cent, slags may be very viscous and result 
in irregular furnace operation. Also, the character of the 
hot metal may be adversely affected, resulting in exces- 
sive skulling of hot-metal ladles. Under the conditions 
prevailing in the furnace, titanium exhibits a slight 
tendency to combine with carbon and nitrogen to form 
titanium cyano-nitride. This substance is sometimes 
found in the salamander on the hearths of furnaces 
being repaired. Here, it occurs in the form of small 
cubes that have the appearance of copper. 

Beryllium and zirconium are similar to titanium, but 
much more difficult to reduce, so that they probably 
pass through unchanged. 

The alkalies, soda and potash, are found in nearly all 
blast-furnace slags; when they are present in the raw 
materials to a considerable extent, they may, however, 
flux the furnace lining, and in part be volatilized to 
escape with the gases from which they later may con- 
dense to form troublesome accretions (scaffolds) on the 
furnace lining. They may play a part in the furnace 
redactions, for it is known that NasCOg and K-COn ac- 
celerate somewhat the reduction of FcgO* at 1650*F 
(900*C). 

Zinc is a very troublesome element when present in 
blast-furnace material. Its compounds may be reduced 
in the lower regions of the stack; and, if so, the zinc 
is volatilized, driven upward and oxidizes to zinc oxide, 
which condenses on the walls of the colder part of the 
flues and in time closes up small passages to such an 
extent that the flow of the gases is restricted seriously. 
Zinc oxide also tends to combine with the alumina in 
the firebrick lining of the furnace, causing the brick to 
expand with damaging results. 

Arsenic acts very much like phosphorus. Its com- 
pounds are reduced, and the resultant elementary 
arsenic then combines with iron to form iron arsenide, 
which dissolves in the metal. 

Barium is similar to calcium, acting as a nonreducible 
basic flux; in an ore, it may be present as the carbonate, 
silicate, or sulphate. BaO is a base similar to CaO, but 
of higher molecular weight, hence does not increase 
basicity on a percentage basis, nor the desulphurizing 
power, as rapidly as CaO by almost one-third. On a 
mohir basis its effect is similar to CaO. 

The compounds of boron presumably behave as a 
flux. 

Cupper compounds are readily reduced yielding 
metallic copper, which alloys with the iron. 

Chromhivi is reduced from its oxides with difficulty 
in the blast furnace, an exceedingly high temperature 
and an acid slag being most favorable for the reduction 
of its oxides. Small amounts appear to be more nearly 
completely reduced than large amounts. 

Compounds of nickel and vanadium are almost com- 
pletely reduced, the resulting nickel and vanadium 
alloying with the iron. 

Tin is rare in raw materials of the United States; if 
introduced, its compounds are reduced and the tin 
alloys with the iron. 

Selenium and tellurium, though somewhat rare, may 
be present in some raw materials; in their reactions, 
they are somewhat similar to sulphur but with an even 
greater tendency to remain witli the metal. 

Reactions Within the Furnace — With all the foregoing 
facts concerning the properties of the various ingredients 
of the raw materials in mind, the changes that take 
place in the blast furnace are understood more easily. 
The accompanying chart (Figure 12—25) gives a graphic 
representation of these changes, showing the relative 
weights and volumes of materials, the reactions and the 
temperattires at which the changes take place, and the 
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ITO MAKE 2000 LE OF PIG IRON: 


IN MAKING 2000 LB. OF PIG IRON: 


963 L& 1930 LB 3669 LE 

STONE <X)KE ORE MIX 

RELATIVE WEIGHTS OF CHIEF 
INGREDIENTS 

52 LB 870 LB 1679 LB 

M 0 CO 3 CaCO, C 

2828 LB 653 LB 

RELATIVE WEIGHTS OF CHIEF 
IMPURITIES 

169.9 LB. 35 0 LB 402.9 LB 
AtaOj MnO S 1 O 2 

48 9L0 4.2 LB 18.6 LB 

Ft S CaS04 CajPjO, 

(7»4« la AM ENTER AT TUYDIO > aojow) 


, 11358 LB. . 179 LB. 

( 134,000 cu ft) top 

GASES DUST 

2104 5 LB CO 2 23 2 LB SiO? 
2658 0 LB CO 89 O LB. F*A 
20 5 LB. M, 20.0 LB FtO 


20 5 LB. H 2 
6034 0 LB N 2 
54 I 0 LB. 


20.0 LB FcO 
1.4 LB MmO 

0 5 LB. U^^Ob 
3.6 LB. AL 2 O 3 
3.2 LB CaO 
0.9 LB. MoO 

36.0 LB. C 

1 2 LB. FcS 


pSOME BON SESQUIQMDE 6 REDUCED AND CARBON DEPOSTTEO: BFc^^^CO > 4Rc 4-Cf 7C0^^ 
(0)SOME IRON SESOUIOXlOE IS REDUCED TO MAGNETIC OXIDE: 3 FizO^^yj] - 2Fii3Q,+ j 

tOjgM E MAGNETIC OXIDE IS REDUCED TO FERROUS OXIDE: - 3 Ft 0 

5 (D)SOME FERROUS OXCE IS REDUCED TO METALLIC IRON tv > 

jc •*"'**' CO>f 

SOME »WN MAY BE REOXIOIZEOA^D CARBON DEPOSITED:'^ ^ 

|iQ^OME CARBON DKXDE MAT BE REDUCED BY IRON OR ftO: ^ 


tfl^SOME PION MAY BE REOKOZED AND CARBON DEPOSITED*/ 
il! iEJL^OME CARBON DKMOE MAT BE REDUCED BY IRON OR FkO 


COj - FlO tCO 


(G) MUCH OF THE CARBON DIOXIDE IS REDUCED BY carbon: CO 2 -F C • 200 
'CABINED WATER REMAINING IS DECOMPOSED: -F C » H2’f CO 

(^ TlIME STONE is decomposed; CaCOa- CaO-FCQ,i MfCOj- M^OfCOz 

it TcaRB ON 6 absorbed by spongy IRON 

TjT'^QXKrriON of iron oxides 6 completed by carbon: 

Fi3(\ + C - SFIlO-F CO; FfO + C • Fk -f CO 


(M)PART OF THE MANGANOUS OXIDE IS REDUCED: MnO -F C - Mn 4-CO 
i r^lME . ALAJMPiA AND SBJCA UNITE AS SLAQ: CaO SiO»» SttJCATES 


FOR ALL SUBSTANCES EXCEPT COKE 


7946 La AIR ’ 
(104,000, CU FT 
AT 60*F)ENrER 
TUYTC-+C 




: OXYGEN AND WATER OF TTC BLAST COMBINE 
COKE TO FORM HYDROGEN AND CARBON MONCM 
COfe+C - 2C0j HjO+C- Hj + CO.j 


Sa M IDE:a7C»C0bi COfe+C- 2C0r HbO+C- Ha + CO.figSf 

S ^ ArRIES INO^ nitrogen (6034 LB.) 

T'NEARLY all the iron SULPHIDE IS CONVERTED TO 
v^4> i CALCIUM SULWIDE: + ft 4 QQ KSa 

SLAOflOBI SlR^ FYttli.Si02,I.ILaFc0, ll7La^7^ri69.9LB.A^ ' • In— ^ 

____ 247LaMt0.423 LB.C4S 

- l08OLAFf,77.7LaC,2QOLaSi. IBOLB MN,S7LaP.CX6LaS 


KIWEEN mi &L CONTACT sUBfiSl££-^0 

SOME SILICA B REDUCER F0RMPI6 BON SiLIClDE< SiOL«2C*ft».-^3C'>:« 


Fig. 12—25. The mi>king of a ton of pig iron, indicating the raw materials used, the products, and their relative 
weights, and the reactions that take place at various levels in the blast furnace. NOTiS: Shape of the furnace has 
been distorted greatly to accommodate notations. 
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final disposition of the products. In studying this chart, 
however, one important fact should be kept in mind. It 
is this: Owing to the conditions prevailing within the 
furnace, very few, if any, of the reactions will be com- 
plete, that is, use up all the material at hand at the 
location indicated. Thus, the first reaction, showing the 
reduction of the ore to metallic iron with the deposition 
of carbon, affects only a part of the ore and gas. This 
condition, with but one exception, holds for all these 
reactions. Even limestone, which will decompose com- 
pletely into lime and carbon dioxide at 1800 ®F if given 
sufficient time, will often reach the tuyeres in some 
small part as calcium carbonate. The fact that iron and 
manganese oxides are not completely reduced is estab- 
lished by their presence in the slag. The one exception 
to this rule is phosphorus. Its compounds, down to small 
traces, seemingly are reduced completely. 

The explanation for these statements is to be found 
only in a careful study of chemical laws in connection 
with the conditions prevailing in the furnace. Such a 
study reveals the fact that the reactions in the upper part 
of the stack of the furnace are subject to conflicting 
tendencies. Thus, the gaseous substances, CO and CO*, 
are in constant contact with the solid substances, FcsO*, 
FeO, and C. Of these, FcsO* and COi are oxidizing agents. 
FcO and CO may act as either oxidizing or reducing 
agents, while C and Fe are reducing agents. With these 
substances in contact at any given temperature and in 
any given proportions, the reversible reactions would 
tend to proceed in a given direction until equilibrium 
should be established, and no further change would 
occur until either the concentration of one of the re- 
acting substances or the temperature changes. Then the 
reactions would once more proceed in a direction that 
would again establish equilibrium. But the slow down- 
ward movement of the stock to regions of higher and 
higher temperatures, the presence of an excess of carbon 
and the rapid upward flow of the gases, which has the 
effect of giving a constant surplus of CO and of carry- 
ing COa out of the field of action, tend to prevent the 
establishment of equilibrium, and to force the reactions 
to proceed in a direction that results in the final reduc- 
tion of the iron oxides, with the consequent oxidation 
of eitlier the C or the CO. Since the desired reactions 
arc between solids and gases, the physical condition of 
the ore, especially its porosity and its particle size, play 
a part in either accelerating or retarding the reducing 
reactions. These same conditions, however, which tend 
to reduce the oxides of iron, prevent die complete 
oxidation of the CO to COa, because the CO, passing 
so rapidly over the stock — 3 to 5 seconds to travel the 
height of the furnace in full blast — does not have time 
to become wholly oxidized, and the presence of the re- 
ducing agents, Fe, FeO, and C, tends to oppose the 
formation of CO2. The escaping top gases, necessarily 
therefore, always show a large content of CO, much in 
excess of the CO 2 content. In modem furnaces, operat- 
ing according to the prevailing practice with respect 
to coke consumption, the relative volumes of CO and 
COa are approximately 2 to 1. In the lower part of the 
stack, the temperature is so high that COa can exist but 
transiently, if at all, in the presence of carbon, and any 
oxide reduced in this region results in the gasification 
of a proportionate amount of carbon. This direct reduc- 
tion of oxide by carbon is the most thermally inefficient 
mode of reduction, because it absorbs much heat, as 
shown by Reactions (8), (9), and (10), and robs the 
tuyere zones of carbon needed for combustion. 

Tracing the Materials Through the Furnaco— The ore, 
limestone, and coke, upon being charged into the top of 
the furnace, come in contact with an ascending current 


of hot gases at a temperature of about 300*F (150* C). 
The^ first change that takes place is the phyaicid one of 
drying, the hygroscopic water being driven off and 
carried out of the furnace by these gases. (Water of 
crystallization or chemically combined water is driven 
off from the various compounds in which it occurs in 
the range of temperature between 1300® and 1475® F). 
The stock, with its interstitial spaces filled with an 
ascending atmosphere containing the reducing gas CO, 
descends to regions of higher and higher temperatures. 
At different levels, then, chemical reactions peculiar to 
the temperatures of these levels occur. At first only the 
oxides of iron and carbon suffer change, and one of 
the first reactions to occur is number (4), in which 
carbon deposition may begin at a temperature as low 
as 575®F. In the presence of both C and CO, a large 
part of the remaining iron oxide, of small particle size, 
is next reduced at successive levels and at temperatures 
perhaps somewhat as follows: 

3Fe,0. + I + 2Fe.O., 

begins at 850“F (455”C) 

+ {co} - {co} + 

complete at llOCF (525'C) 

+ {co} = {ca} + 

begins at 1300*F (705^0 

At about 1457 ®F (800® C), the free iron is subject to 
reoxidation by COa, as are also the compounds, FeO 
and Fe*04, though to a less degree, the chief action being 
reprejsented by Reaction (5). These reactions and tem- 
peratures apply only to very fine ore. Lump ore, 
especially if it is not very porous, will descend to much 
higher temperatures before it is acted upon, the large, 
dense lumps may descend even to a level below the top 
of the bosh. 

At 1475®F (800®C), or a little above, the decomposi- 
tion of limestone takes place, thus: CaCOt = CaO -f 
COa. This reaction is complete at 1830 ®F (1000® C). At 
1650®F (900®C), carbon reduces COa to CO, thus: C -f 
COa = 2CO, so that COa docs not exist normally below 
the 60-foot level. From this level the mixture is one 
of gangue, quicklime, coke, spongy iron, and varying 
amounts of unreduced ore, all of which descend to the 
fusion zone with very little change, if the absorption 
of carbon by the iron and the action of carbon on the 
unreduced ore be excepted. At this level, which is 
located at the top of the bosh, the lime combines with 
some of the gangue and, with a little unreduced iron 
oxide and manganese oxide, forms a part of the slag. 
The slag, such as already is formed, and the iron, both 
now in the liquid state, trickle down through the inter- 
stices of the coke to the hearth. In the hearth zone just 
above the tuyeres, where the metal and slag are in 
contact with hot coke, Reactions (111, (12), (13), (14), 
(17), (18) and (19), taown as hearth rcactioii.s, occur. 
In the crucible, the slag and metal become separated 
by gravity, forming these two layers; a lower or metal- 
lic layer containing all reduced substances and an 
upper or slag layer containing all unreduced matter. 

Conditions Affecting Silicon and Sulphur in the Metal 
— Reactions (13) and (19) should receive special atten- 
tion, because of all the reactions that directly affect the 
quality of pig iron, these are the only ones the furnace- 
man can control. Both reactions depend upon two con- 
ditions, namely, temperature and basicity of slag. High 
temperatures favor the reaction, SiOt + 2C = Si -h 2CO, 
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while a more highly basic slag retards it. Reaction (19), 
FeS -I- CaO -f C = CaS -f- Fe -f CO, requires lime and 
a high temperature. Therefore, hi^ hearth temperature 
tends to raise the silicon content of the iron and lower 
the sulphur, provided the slag volume is adequate and 
the high temperature is obtained without the use of an 
excessive amount of high-sulphur coke. High basicity 
tends to lessen both the silicon and sulphur in the iron. 
In both instances, the extent to which the reactions 
progress under any given set of conditions is governed 
by time. The longer the time the farther they progress. 
This fact results in a difference in composition between 


the first and the last metal in the same cast. Since the 
iron on the bottom of the furnace crucible is formed 
four or five hours before that on the top of the layer at 
the time of tapping, these reactions will tend to advance 
farther in the first than in the last iron formed under 
normal conditions. The first of the cast, therefore, 
usually will be found to contain a higher percentage of 
silicon and a lower percentage of sulphur than the last. 
This first iron is called hot iron on this accoimt, because, 
as will be shown later, the oxidation of the silicon 
generates heat when the pig iron is purified, as in the 
Bessemer process, in the making of steel. 


SECTION 7 

THE BLAST-FURNACE BURDEN 


The amoimts of ore and stone charged per ton (or 
other fixed quantity) of fuel are referred to as the 
burden, the fuel or coke being constant in amount. Any 
increase in ore and stone above the normal is spoken 
of as a heavy burden, while the reverse of this results 
in a light burden. The regulation of the proportions of 
ore, flux, and coke is called burdening. It has two ob- 
jects; namely, the most efficient operation of the fur- 
nace and at the same time the production of metal of 
the desired composition. The subject is of the greatest 
importance in the operation of a furnace, and is a 


problem that may be solved either by practical experi- 
ence or by calculations based on theoretical considera- 
tions. 

Burdening the Furnace— With a furnace well started 
and on familiar materials, practical knowledge and 
experience alone may be sufficient to operate success- 
fully. But in dealing with changing and unknown ma- 
terials, it is necessary to resort to computed or “theo- 
retical” burdening based on chemical composition. As 
illustrating the problems that confront the blast-furnace 
operator, the following will supply concrete examples: 


Table 12 — III. Representative Compositions of Raw Materials Used in the Blast Furnace (Dry Basis) 


Elements and Radicals 


Silica 

Iron 

Manganese 

Phosphorus ... . 

Alumina 

Lime 

Magnesia 

Fixed Carbon 

Carbon Dioxide 

Sulphur 

Sulphuric Anhydride 

Alkalies 

Titania 

Moisture (Wet Basis) 




Ores 




f’orrnula 

(From Lake Superior Dislr 

ict) 

Lime- 

stone 

Coke 


1 

2 

3 

4 




(%) 

(%) 

(%) 

(%) 

(•JO 

(%) 

SiOa 

6.48 

9.04 

12.78 

5.86 

3.43 

4.40 

Fe 

56.80 

54.84 

52.93 

55.59 

0.30 

1.35 

Mn 

1.14 

1.09 

0.83 

0.i6 

0.08 

0.07 

P 

0.082 

0,006 

0.083 

0.(318 

0.006 

0.030 

AlaOa 

3.22 

2.70 

3.34 

3.03 

0.86 

2.80 

CaO 

0.11 

0.18 

0.25 

1.22 

51.45 

0.25 

MgO 

0.14 

0.26 

0.21 

0.87 

1.66 

0.15 

C 

CO. 

s 





41.43 

90.00 





0.940 

Undeter 

mined 

so« 

0.03 

0.04 

0.04 

0.06 

0,060 

/Na.Ol 
\K.O / 

Trace 

Trace 

Trace 

Trace 

Trace 

Trace 

TiO* 

0.018 

0.009 

0.012 

0.019 

Trace 

Trace 

H 2 O 

14.06 

14.50 

15.00 

12.10 

0.50 

1.50 



Table 12 — ^IV. An Example of a Typical Blast Furnace Burden Sheet 
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Chapter 13 

EARLY PROCESSES FOR CONVERSION OF 

IRON INTO STEEL 


SECTION 1 

PROBABLE ANCIENT METHODS 


It is probable that most of the steel produced in 
ancient times consisted of partially case-hardened 
wrou^zht iron. Wrought iron, when heated and suddenly 
cooled by quenching in some liquid, will not harden be- 
cause it does not contain enough carbon. By increasing 
the carbon content in the manner to be described, the 
outer portions and edges of a piece of wrought iron could 
he made to harden by heating and quenching. 

The hardenable outer portion or “case” was produced 
by allowing a wrought-iron object to remain in a forge 
liie in contact with hot carbon, which completely sur- 
lounded it and protected it from oxidation. The carbon 
al)sorbcd by the surface “layers” of the wrought iron 
would make it possible to obtain very hard surfaces 
and edges on a weapon, for example, by quenching the 
}i(‘ated metal in a suitable liquid. The interior of the 
tool or weapon, of course, would remain relatively soft, 
irndoubtedly some steel was produced, intentionally or 
otiierwise, when an imiierfectly decarburized product 
was obtained from the South Wales, Lancashire, Wal- 
loon or similar proces.ses. Another method, used in 
some of the Eastern countries to produce what very 
commonly is known as “Damascus steel,” consisted of 
piling alternately pieces of soft iron on pieces of high- 
carbon iron and then heating, forging, fagoting and re- 
forging the billets. The layering that resulted from in- 
complete dilTusion of carbon from the high-carboii bars 
mto the low-carbon n on resulted in the .surface appear- 
an(‘c called “watering,” which was characteristic of the 
so-cidled Damascus steels. 

It is difficult to say how or when the first processes for 
intentional making of steel were developed. Archeologi- 
cal specimens from as far back as 1000 B.C. exhibit 
evidences of having been deliberately treated (case- 
liiirdened) to produce points and edges that were 
hardened by rapidly quenching the heated steel. One 
example is a chisel with a hardened point, found in one 
of the ancient cities of Ceylon and believed to date back 
to about 500 B.C. Early writers mention steel razors, 
surgical instruments, files, chisels and stone-cutting 
implements as early as several hundred years before 
the Christian Era. 

The steel called wootz was produced in India for many 
centuries. Its method of manufacture has been variously 


described. It is generally agreed that the first step con- 
sisted of heating pure ore with carbonaceous material 
such as charcoal or finely-chopped wood in closed 
crucibles. After heating at a high temperature for 
several hours, the ore was reduced to metallic iron and 
absorbed sufficient carbon from the excess of charcoal to 
have ;) low enough melting point to become fluid. The 
crucibles were allowed to cool and, when broken open, a 
small “button” of high-carbon steel was found at the 
bottom. Two methods have been recorded for lowering 
the carbon content of the buttons to give steel having 
the desired carbon content or “temper.” One method 
consisted of repeatedly heating the buttons while they 
were covered with a layer of iron-oxide paste. The 
other recorded method comprised heating the buttons 
for several hours in a charcoal fire to a temperature not 
much below their melting point and turning them over 
in tlie path of the blast, so that the metal would be 
partially decarburized. In both cases, the partially de- 
carburized buttons would then be heated to be welded 
together by hammering to form bars. Ambiguous records 
of various other processes for making steel by carburiz- 
ing wrought iron appear in fragmentary literature from 
very early times. 

In summary then, it may be said that prior to the in- 
vention of the Bessemer process for steelmaking in 185(5 
there were only two methods of making steel. One was 
the process of increasing the carl)on content of wrought 
iron by heating it in contact with hot carljon away from 
air; this came to be called the cementation process. The 
other method, the crucible process, consisted of melting 
wrought iron in clay crucibles in which carbon had been 
added for the express purpose of increasing the carbon 
content of the iron. Both of these processes were cer- 
tainly known to and practiced by the ancients. 

During the Middle Ages both the cementation and 
crucible processes appear to have been lo.st to civiliza- 
tion. The cementation process was revived in Belgium 
about the year 1600 A.D. while the crucible f)roce.s.s was 
rediscovered in England by Benjamin Huntsman in 1742. 
Both processes were practiced in secret for some time 
after their revival. Hence, little is known of their early 
history. The following brief descriptions will, therefore, 
be confined to practices in later years. 


SECTION 2 

THE CEMENTATION PROCESS 

The cementation process was highly developed and process depends upon the fact tliat when a low-carbon 
flourished in England during the 18th and 19th centuries ferrous product, such as wrought iron, is heated to a red 
and, though it has practically been replaced by other heat in contact with charcoal or other carbonaceous rna- 
methods, is still practiced to a limited extent. The terial, the metal absorbs carbon, which, up to the satura- 
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tion point of less tlian 2.00 per cent (about 1.70 per cent) , 
varies in amount according to the time the metal Is in 
contact with the carbon and the temperature at which 
the process is conducted. For carrying on the process, a 
type of muffle -furnace or pot-fumace is used, and ihe 
iron and charcoal are packed in the pots in alternate 
layers. 

The iron used was usually in the form of bars 2^^ 
inches to 3 inches wide, % inch to % inch thick, and 6 to 
12 feet long. For the best grades of steel, only the best 
wrought iron was supposed to be used, though low- 
carbon steel made by the open-hearth process was later 
substituted. Charcoal, which had been passed over about 
a V^-inch screen to remove fines, represented the 
favorite carburizing agent, though various otiier sub- 
stances and mixtures had been tried and used. In charg- 
ing the pots, their bottoms were first covered with a 
layer of charcoal 2 or 3 inches thick, then, in alternation, 
layers of bars and charcoal were added to each until the 
pots were full. The bars were laid flatwise and about 
V 2 inch apart, between edges, so that each bar was com- 
pletely surrounded by charcoal. After applying the final 
layer of charcoal tlie charge was covered with wheel 
swarf (refuse from the grindstones) and all openings to 
the pots were closed and made nearly as airtight as pos- 
sible. A fire was next lighted in the furnace, and the 
charge, for the next 3 or 4 days, gradually heated to a 
full red heat — the actual temperature varied from 
1470* F to 2010* F (800* C to 1100* C) and this tempera- 
ture was then maintained for 7 to 12 days, depending 
upon the size of the bars used, the carbon content 
desired, and the temperatures attained and maintained. 
The degree of carburization, or the temper of the bars, 
was determined by fracture tests on test bars that were 
withdrawn from the pots through small openings or 
holes provided for the purpose. When the bars had 
reached the desired temper, i.e., had absorbed the de- 
sired amount of carbon, the fire was banked and the 
furnace allowed to cool slowly. When the contents of the 
furnace were cool enough to handle, the bars were re- 
moved from the pots. 

If the original bars were of wrought iron, their surfaces 


were found to be covered with irregular elevations, 
known as blisters or beads, which resulted from the ex- 
pansive force of the carbon monoxide formed by carbon 
reacting with the oxides of the incorporated slag. Hence, 
these bars were known as blister steel. If the original 
bars were of mild steel or rernelted wrought iron, these 
blisters were absent. Both products were frequently re- 
ferred to as converted or cement steel. If air had gained 
access to the bars during the process, their surfaces were 
covered with scale and almost decarburized. Such bars 
were known as aired bars. After sorting and reheating, 
the cement bars were hammered or rolled into what in 
England was called spring plate or bar steel, which 
formerly was used for springs, but later was used as raw 
material for crucible steel or for the production of shear 
steel. If for the latter, the bars were broken or sheared 
into short lengths, fagoted, sprinkled with a little borax, 
covered with clay, reheated to a welding temperature, 
and hammered into a bar, known as single shear. For 
purposes requiring a high grade, uniform steel, the 
single shear bars were again broken at their centers, the 
two halves of each laid togetlier, and the fagot thus 
formed was reheated and hammered down to the re- 
quired size. These bars were known as double shear 
steel. Tliis steel was formerly used exclusively for tlic 
manufacture of cutlery, hence the name, shear steel. 

This working was necessary to obtain the highly de- 
sirable homogeneity of the steel, and, prior to the revival 
of the crucible process, was the only method available 
to attain that end. Formerly, about seven grades or 
tempers of shear steel were produced. These varied iti 
average carbon content from 0.50 per cent to 1.50 per 
cent. But as the carbon was absorbed from the surfaces 
of the bars, the carbon content of the blister steel bars 
progressively decreased to the center. In the softer 
grades the center portions of each bar remained un- 
altered, and this core was known as sap. In the harder 
grades, the outside of the bar might show a carbon con- 
tent of 1.50 to 2.00 per cent with a center of 0.85 to 1.10 
per cent. It was this characteristic of cement steel that 
led Huntsman, who was a clockmaker, to seek a method 
for making a more uniform steel for his springs. 


SECTION 3 

THE CRUCIBLE PROCESS 


Realizing that the shortcomings of cement steel for 
springs lay in lack of homogeneity, Huntsman conceived 
the idea of melting it in crucibles, which melting he 
thought should make the steel perfectly homogeneous. 
Briefly, his method was as follows: First, cement bars 
were carefully selected that would give the exact 
temper, or carbon content, desired in the finished steel. 
These were cut or broken into small pieces. Then this 
steel was charged into large clay crucibles, which, after 
covering and luting the lids, were placed in a coke fire 
and heated until the contents were thoroughly fused. At 
this point the crucibles were withdrawn from the fire, 
and upon removing the cover and skimming off the small 
amount of slag formed on top, the molten metal was 
poured into a cast-iron mold, where it remained until 
solid. Finally, by the usual method of reheating and 
hammering then in use, the ingot was worked into the 
form desired. This method gave a steel that was not 
only homogeneous throughout, but was free from oc- 
cluded slag and dirt, hence was so much superior to 
cement steel for many purposes that the method at once 
became the leader for the production of the finest steels. 
This position the process held for almost two hundred 
years, but today, at least in this country, it has been 


superseded for the making of special alloy steels and 
carbon tool steels by the electric-furnace process, includ- 
ing the high-frequency induction furnace. The electric- 
furnace process is cheaper, is capable of giving as good 
steel, and possesses many metallurgical advantages over 
the crucible method. 

Although the principles and the general method of 
procedure remained the same, tlie crucible process was 
the subject of considerable experimentation after the 
time of Huntsman, and some changes in the material of 
the charge, in the manufacture of the crucibles, and in 
the furnace for melting the crucible charges were intro- 
duced, so that the details of standard practice for this 
now practically extinct process in different countries 
and localities varied somewhat. 

Manufacture of the Crucibles — ^The crucibles, or pots, 
were a very important part of the equipment required in 
the manufacture of crucible steel. As they were costly 
to make and had a comparatively short life, they were 
a large item of expense. In England, they were fre- 
quently made of clay by the steel manufacturer himself, 
but in this country so-called graphite crucibles were 
almost universally used. These crucibles, with a capacity 
of 80 to 124 pounds, varied somewhat in form and thick- 
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ness of wall. In general, they were barrel-like in shape, 
and varied in size from 13 to 18 inches in height and 
from 8 to 12% inches in outside diameter at the bilge. 

to wall thickness, they were somewhat thicker at Ae 
bottom than at the top, usually about 1% inches at the 
bottom and about % inch at the top. 

The Crucible Melting Furnace— In this country, the 
crucible furnace was generally of the gas-fired re- 
generative type (Figure 13 — ^1). It consisted of a number 

CRUCIBLE 



Fig. 13 — 1. Vertical section through checker chambers 
iind one of the melting holes of a regenerative crucible 
furnace 


of combustion chambers or melting holes built in a row 
lu'lween two sets of checker chambers. Each melting 
hole, about three feet in depth and otherwise large 
(‘iioiigh to hold 4 or 6 crucibles, was connected with the 
two sets of checkers by short flues leading upward from 
its bottom. If producer gas was tised as fuel, the gas 
checkers were placed next to the line of melting holes 
with the air checkers extending along the outer walls of 
the furnace. This plan of construction readily permitted 
introducing the gas into the ports below the air, which 
was deflected downward by the roof, tlius holding the 
flame near the bottom of the crucibles as it swept across 
the melting hole. In case natural gas, fuel oil, or 
powdered coal was used for fuel, both checkers would 
be used for air, or the furnace would be constructed 
with but one checker chamber on each side. The shop 
floor was on a level with the top of the melting hole, so 
that only the covers were visible from above. After 
moving these covers aside, the crucibles were lowered 
inlo and lifted out of the hole by tongs with broad jaws 
curved to fit the crucibles. 

The bottoms of the melting holes were built of first- 
quality firebrick laid on plates, which were supjx)rted 
by beams, or cross bars, spanning the space between the 
two sets of checkers, thus forming a continuous cellar, 
<jr vault, that extended the full length of the furnace 
iicneath the melting holes. A hole, some 4 or 5 inches in 
diameter, was provided in the center of the bottom of 
each melting hole, so that any refuse on the bottom of 
the melting hole could be poked into the vault below for 
cleaning. To protect the bottom in case of breakouts, it 
was covered to a depth of 6 to 8 inches with coke du.st or 
crushed coke. This coke also gave some protection to the 
crucibles, as it helped to consume free oxygen not 
needed for combustion and to maintain a reducing at- 
mosphere in the hole. 

Charging the Crucibles — From what has already been 
said, it will be evident that, aside from the possible 
elimination of gases from the steel and the separation of 
slag and other non-metallic inclusions, the crucible 
process was not a purification process. Consequently, 


any elements capable of alloying with Iron charged Into 
the crucible were present also In the steel. On this ac- 
count the greatest of care in the selection of the raw 
materials had to be exercised. And it was characteristic 
of the history of the process that, once a charge that 
produced the kind or grade of steel desired had been hit 
upon by any shop, that charge was strictly adhered to 
and could not be varied. For many years after the 
introduction of the process by Huntsman, cement steel 
or blister steel was the only raw material used. Even- 
tually, attempts were made to eliminate the cementation 
step by the use of wrought iron with charcoal; and, pro- 
vided Swedish iron, which was the purest wrought iron 
then made, was used, the steel produced was as good as 
that made from cement bars. In 1801 David Mushet 
introduced the use of manganese, by adding oxide of 
manganese with the charge, which practice was super- 
seded some years later by the use of spiegel. It is inter- 
esting to note that the use of spiegel in Bessemer steel 
was patented in 1857 by a namesake, Robert Mushet (this 
method of adding manganese was an important factor in 
the early development of Bessemer steel). Then fol- 
lowed a great deal of unsuccessful experimental work, 
involving so many difTerent substances and mixtures 
that the stock house came to be known as the medicine 
house. Later, with the introduction of the Bessemer 
and acid open-hearth processes, efforts were made to 
reduce the cost by the substitution of soft-steel scrap 
for the Swedish wrought iron, but owing, perhaps, to the 
fact that miscellaneous scrap was used, which carried a 
higher content of manganese, phosphorus, and sulphur 
and was more variable in composition than the Swedish 
wrought iron, the steel was found to be of inferior 
quality. More recently, washed metal, that is semi- 
purified pig iron, freed from silicon, manganese, and 
phosphorus, had been used with excellent results to 
bring up the carbon of the wrought iron. Still more re- 
cently, owing to the introduction of the cheaper electric 
process and the difficulty of securing good wrought iron, 
recourse was had to tlie use of steel scrap, in part at 
least. With good basic or acid open-hearth mill scrap, 
the composition of which is more uniform than miscel- 
laneous scrap and could be more readily controlled, 
steel of good quality could be made, provided proper 
care was taken to adjust the composition with the best 
wrought iron and washed metal. 

All the practices just described had to do with carbon 
steels. Since the process had always been used in the 
production of the finest steels, especially tool steel, the 
introduction of alloy steels created the greatest diversity 
of practices. In making alloy steels, the old rule-of- 
thumb methods of charging had to be abandoned for 
other plans in which the composition of the charge could 
be accurately determined by chemical analysis. Thi<^ 
applied particularly to high-speed tool steels, which, 
prior to the introduction of the electric process, could 
be made successfully only by the crucible process. At 
first, these steels were made from high-grade wrought 
iron or muck bar by the addition of tlie desired elements 
in the form of iron alloys, and the necessary recarburizer 
in the form of charcoal or wa.shed metal. Later, tool 
scrap was used to make up a part of the charge, and 
much inspecting and many analyses were required to 
select the scrap and determine the proportions of the 
charge. 

Stages of the Crucible Process— The materials for the 
charge, after they had been inspected and analyzed, 
were sheared or broken into small pieces, then carefully 
weighed out in proper proportions and amounts in the 
mixing house. These were carefully placed in the cruci- 
bles with the wrought iron or steel scrap on the bottom. 
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The crucibles were then tightly covered and taken to 
the melting hole, into which they were lowered vertically 
by tongs in the hands of a workman. The gas and air 
were then regulated to melt the charge as rapidly as 
possible without injuring the crucibles. The time of 
melting varied from 2^2 to 4 hours, according to the 
composition of the charge and the heating conditions of 
the furnace. Low-carbon heats required more time than 
high-carbon, and high-speed steel required the most 
time of all grades. As the charge melted, and for some 
time after melting, the metal evolved gases, which 
finally collected in fairly large bubbles and broke 
slowly on the surface of the metal, producing the 
spectacle known as cars eyes. The melter now watched 
each pot closely, and when the steel appeared to be 
dead, that is, free from gases and in a tranquil state, he 
signaled the puller-out, who grasped the crucible with 
the long broad tongs, lifted it out of the hole, and set it 
on the floor. The killing of the heat usually required 30 to 
40 minutes, sometimes longer, and was an important 
part of the process, because the practice was necessary 
to give sound ingots. On the other hand, if the steel was 
kept in the furnace too long after it had reached the 
dead-melt stage, it would be damaged and might be 
ruined by absorption of too much carbon and silicon 
from the crucible. The temperature was also important; 
If the heat were pulled too cold, the steel would begin 
to solidify before it could be cast, and if it were cast too 
hot, the resulting ingot would not be sound. In some 
cases the pots were pulled before the steel was com- 
pletely killed, and a little aluminum (not over 0.05 per 
cent) was added to the pot just before the steel was 
poured into the ingot mold. These methods of finishing 
affected the hardening properties of many of the steels 
made by this process. 

Casting — ^The cover was then removed from the cruci- 
ble and most of the slag was mopped or swabbed up by 
means of a ball of slag on one end of an iron rod. The 
crucible then was grasped horizontally with a pair of 
tongs, and, by tilting the crucible, the steel was poured 
into a cast-iron mold. This pouring required strength 
and skill, for it had to be continuous, and the stream of 
metal could not be permitted to impinge upon the walls 
of the mold. Any slag that might remain on the surface 
of the liquid metal was held back, by a small iron bar, 
and prevented from flowing into the mold. The molds 
were closed at the bottom and to facilitate the removal 
of the ingots after casting, split molds were used. These 
molds were cast in two pieces or halves, which fitted 
together by rings and wedges, formed a mold of square 
section with the joint passing longitudinally through 
diagonally opposite corners. Usually, the capacity of the 
molds was but a single potful of steel, and their cross 
section was but 3 or 4 inches square; but occasionally 
larger ingots were required, in which case two pots 
might be poured at once by the use of a funnel or spout 
made from a worn-out crucible, or several pots might 
be poured into a steel ladle, and the steel teemed into 
the molds from it. The last plan was followed in the 
production of fine steel castings of a size requiring more 
than two pots of metal. As soon as the steel had been 
poured, the crucible was cleaned and carefully inspected 
for cracks, when, if found sound and in good condition, 
it was charged, as before, for another heat. 

Stripping and Inspecting the Ingots — As soon as the 
steel had solidified in the molds, the wedges or keys 
were loosened, and the rings holding the two parts of 
the mold togeAer were removed. In the case of lower 
carbon steels, the mold might be removed at once and 
the ingot cooled in air, but ingots of high-carbon and 
alloy steels had to be cooled slowly to prevent the forma- 


tion of clinks or tiny cracks, due to non-uniform dis.. 
tribution of contraction and expansion forces. Such 
ingots were allowed to stand in their molds until solid, 
then removed and placed in dry lime or covered with 
ashes or hot, dry sand until cold. The ingots were then 
topped, that is, pieces of their tops were broken off until 
the fracture showed perfectly sound steel. From the 
fractures thus exposed, the temper or carbon content 
(except in the cases of certain alloy steels) was deter- 
mined. Then they were inspected for surface defects, 
and carefully and slowly reheated to a forging tempera- 
ture. They were next forged, or cogged, under a hammer 
and any cracks or defects that appeared during tlie 
forging were ground or chipped out. After being forged 
to the required section, usually 1 to inches square, 
the billets were inspected again. Any surface defoctsi 
such as rough spots, scams, or tiny cracks were ground 
out with emery wheels, and these billets were reheated 
and rolled or forged into the sections desired. All this 
work was done with the greatest care, and was so 
meticulous as compared with the attention given ordi- 
nary steel that it was termed crucible practice. 

Without doubt, crucible practice played as important 
a part in the high quality of crucible steel as crucible 
melting. 

Chemistry of the Crucible Process — From a chemical 
standpoint, at least, the crucible process was the simplest 
of all for making steel. In the beginning, the charge 
carried a small quantity of iron oxides in the form of 
rust and scale and an almost negligible quantity of free 
oxygen in the air trapped in the crucible. As the charge 
melted, these oxides at first formed an oxidizing and 
very basic slag, which was soon reduced to the ferrous 
condition by the carbon in the charge or the crucible. 
Some ferrous oxide dissolved in the metal, and the re- 
mainder reacted with clay of the crucible to form ferrous 
silicates and ferrous aluminum silicates, which, after 
the charge had all melted and the temperature had been 
raised, absorbed more and more silica until the slag 
became very acid. In the meantime, the metal had been 
absorbing carbon, either from the crucible or the char- 
coal charged, and the conditions within the crucible 
now became strongly reducing. Any oxides dissolved 
or otherwise incorporated with the metal now reacted 
with carbon, forming carbon monoxide gas; and since 
the slag was very acid, silica was readily split off from 
the slag molecules and was at once reduced, forming 
silicon, which alloyed with the iron and entered the 
metal. The absorption of carbon and the reduction and 
absorption of silicon both progressed with time and 
temperature, and were more rapid in new crucibles than 
in crucibles that had been used. The presence of silicon 
in the metal had the effect of cleansing it of oxides, and, 
without doubt, it was a large factor in “killing’* the 
steel; but after a content of 0.50 per cent was exceeded, 
it began to have a noticeable embrittling effect upon 
most steels. Silicon also affected the welding and certain 
other properties adversely, hence was positively un- 
desirable in some steels, a difficulty overcome by partial 
substitution of aluminum. This change in the deoxidizer 
used sometimes was made for the purpose of controlling 
the hardening properties of the steel. Hence, the time of 
killing as well as the temperature had to be closely 
watched, but it is evident that close control of cither of 
these factors was impossible, with the result that both 
the carbon and the silicon contents might vary over 
relatively wide limits. To produce a large quantity of 
steel of uniform composition, say up to one ton, it was 
necessary to pour a number of these 100-lb. crucible 
melts into a ladle in such a manner that the metal would 
be thoroughly mixed. 
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SECTION 4 

MODERN STEELMAKING PROCESSES 


All of the processes discussed in the earlier parts of 
this chapter were destined eventually to be sup- 
pljnted by entirely new methods of stcelmaking. The 
llrst of these new methods was the pneumatic or Bes- 
sciiKT process, which first found commercial application 
in 18(50. By this process the excess amounts of carbon, 
rnar'.gancse and silicon present in pig iron are removed 
in' I'iovving ordinary air through a shallow bath of liquid 
},ig iron. The unwanted elements are literally “burned” 
;uit of the bath by combining with oxygen in the air 
bLrst. In a typical 25-ton converter, as the vessel in which 
ibis process is carried out is called, this amount of 
liquid pig iron can be convertfKl into steel in 12 to 15 
minutes of actual blowing with air. The great ad- 
vantages of the process over earlier methods are: (1) 
its speed, (2) the fact that the refined steel is obtained 
uj liquid form, and (3) the amount of liquid steel pro- 
(liiet‘d per operation is very much greater than that pro- 
duced by any earlier method. The complete history of 
development of this process is discussed in Chapter 14 


Closely following the invention of the Bessemer process 
was the development of the regenerative-type furnace. 
Originally designed by Karl Wilhelm Siemens for work 
in steam generation, glass melting, and in heating fur- 
naces, the regenerative furnace was capable of attaining 
such high temperatures that it naturally suggested itself 
for use in stcelmaking. In this service, it became known 
generally as the open-hearth furnace. Eventually, the 
open-hearth furnace was destined to become the chief 
means for producing steel throughout the world. Its 
historical development is described in Chapter 15. 

The electric furnace is relatively a newcomer to the 
field of stcelmaking and is gradually finding more and 
more applications in tlic quantity production of quality 
steels. There arc various ways in which the electric cur- 
rent can be made to generate the heat required for 
steelmaking operations. The development of furnaces 
that employ these several methods, and the design and 
operation of modern electric steelmaking furnaces arc 
discussed in Chapter 16. 



Chapter 14 

THE PNEUMATIC STEELMAKING PROCESSES 


SECTION 1 

INTRODUCTORY 


General Principles of Stcelmaking — Pig iron consists 
of the element iron combined with numerous other 
chemical elements, the most common of which are car- 
bon, manganese, phosphorus, sulphur and silicon. De- 
pending upon the chemical composition of the raw ma- 
terials used in the blast furnace — principally iron ore, 
coke and limestone— and the mariner in which the fur- 
nace is operated, pig iron may contain 3.0 to 4.5 per cent 
of carbon, 0.15 to 2.5 per cent or more of manganese, as 
much as 0.2 per cent sulphur, 0.025 to 2.5 per cent of 
phosphorus, and 0.5 to 4.0 per cent of silicon. In refining 
pig iron to convert it into steel, all five of these elements 
must either be removed almost entirely or at least re- 
duced drastically in amount. 

Modern steelmaking processes, including the pneu- 
matic processes, are divided into two general classes 
from the chemical standpoint; acid processes and basic 
processes. Carbon, manganese, and silicon can be re- 
moved with relative ease by any of the processes, either 
acid or basic. The removal of phosphorus and sulphur 
requires special conditions that can be met only by the 
basic processes wherein lime is added to the chemical 
system to form a basic slag which is capable of forming 
compounds with phosphorus and sulphur during refin- 
ing operations, thereby removing them from the metal. 
Because of the chemical nature of the slags, each of the 
processes must be carried out in equipment lined with 
proper refractories. Otherwise, the slags would react 
with and be neutralized by the lining material while, at 
the same time, rapidly destroying the lining. 

In general, the chemical principle of oxidation is em- 
ployed to convert pig iron into steel. Each of the steel- 
making processes has been devised primarily to provide 
some means whereby controlled amounts of oxygen can 
be supplied to the molten metal undergoing refining. 
The oxygen combines with the xmwanted elements 
(with the exception of sulphur) and, unavoidably, with 
some of the iron, to form oxides, which either leave the 
bath as gases or enter the slag. The mechanism by which 
sulphur is removed does not involve direct reaction with 
oxygen but depends instead on whether the slag is 
sufficiently basic and high enough temperatures are 
attained. As purification of the pig iron proceeds, the 
melting point of the bath is raised, and sufficient heat 
must be supplied from some source to keep the bath 
molten. 

Principles and Types of Pneumatic Processes — ^In com- 
mon with other steelmaking methods, there are two 
chemical types of pneumatic processes— acid and basic. 
In both types, air, high-purity oxygen or combinations 
of these and other oxidizing gases are blown, imder 
pressure, through, or oyer the surface of, molten pig 
iron to produce steel. If air alone is used for blowing, its 
nitrogen content serves little useful purpose and ac- 


tually removes useful heat from the system. In some 
cases, nitrogen absorbed during blowing is considered 
as an undesirable impurity in the finished steel. There 
are three ways in which the oxidizing gas can be sup- 
plied to a pneumatic converter; these are shown sche- 
matically in Figure 14 — 2. The manner in which the 
oxidizing gas is introduced affects both the relative ratc.s 
of the refining reactions and the product. The bottom- 
blown converter has been the principal type used in both 
the acid and basic pneumatic processes for the produc- 
tion of steel ingots (see Sections 2 and 3), the blast 
traveling the full depth of the bath, thus representmg 
the extreme of submerged blowing practices. The side- 
blown converter can be arranged for either submerged 
or surface blowing, and significantly different perform- 
ance characteristics obtain for tlie two arrangements. 
The submerged-side-blown converter presents a num- 
ber of difficult maintenance problems and the design has 
not been popular, although in recent years a few Thomas 
converters have been modified to introduce the bla.st 
through the side of the vessel. A discussion of the aims 
and results of the Thomas modification will be found 
in Section 3. At present the only side -blown converters 
in extensive commercial use are acid-lined vessels ar- 
ranged for surface blowing, and these are used chiefly 
in foundries to produce steel for castings (see Section 4) . 
While basic-lincd versions of these foundry converters 
have never been successful, considerable experimenta- 
tion has been underway for some time in the United 
States and several foreign countries to develop a com- 
mercially useful side-blown pneumatic process, using a 
basic-lined converter, for the production of ingots 
none of these has yet attained commercial status, so they 
will not be discussed fiurther in this book. The last 
variety of surface-blown converter can be termed lop- 
blown, the oxidizing gas being introduced by a pipe or 
lance through the mouth of the vessel. Bessemer and 
other early investigators employed this or a similar ar- 
rangement in some of their designs, and these practices 
are being used at the present time, chiefly by surface 
blowing with a high-velocity jet of high-purity oxygen 
(see Section 5) . 

Historical Development— The original pneumatic 
process, developed independently by William Kelly of 
Eddyville, Kentucky, and Henry Bessemer of England, 
involved blowing air through a bath of molten pig iron 
contained in a bottom-blown vessel lined with acid (sili- 
ceous) refractories. The process was the first to provide 
a large-scale direct method whereby pig iron could 
rapidly and cheaply be refined and converted into liquid 
steel. Bessemer’s American patent was issued in 1856; 
although Kelly did not apply for a patent until 1857, he 
was able to prove that he had worked on the idea as 
early as 1847. Thus, both men held rights to the process 
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Beneath the Vessel Through tlie 
[Mpe Indicated by the Arrow and 
Passes into the Vessel Through 
Holes in Tuyeres Set in the Bottom 
of the Converter. 



Side Blown 

riie Blast Enters the Vessel Through 
Tuyeres in Its Side. Indicated by 
Arrow. Angle at Which Centerline 
of Tuyeres Intersects Horizontal 
Surface of Bath Can Be Varied by 
Tilting Vessel 





Top Blown 

Oxygen of Commercial Purity, at 
High Pressure and Velocity, Is 
Blown Downward Vertically onto 
Surface of Bath Through a Single 
Water-Cooled Pipe or Lance, Indi- 
cated by Arrow. 


Pic. 14 — 2. Blntirely schematic representation, not to scale, of the three ways in wliich air and/or oxygen can be sup- 
plied to pneumatic converters. Horizontal dotted lines represent approximate level of bath. Dotted circles indicate ap- 
proximate location of trunnions on which ve.ssels can be rotated. 


in this country, this led to considerable litigation and 
delay, as discussed later. Lacking financial means, Kelly 
was unable to perfect his invention and Bessemer, in the 
face of great difficulties and many failures, developed 
the process to a high degree of perfection and it came 
to be known as the acid Bessemer process, described in 
its modern form in Section 2. 

The fundamental principle proposed by Bessemer and 
Kelly was that tlie oxidation of the major impurities in 
liquid blast-furnace iron (silicon, manganese and car- 
bon) was preferential and occurred before the major 
oxidation of iron; the actual mechanism differs from this 
.simple explanation, as outlined under ‘‘Chemistry of 
the Acid-Bessemer Blow” in Section 2. Further, they 
discovered that sufficient heat was generated in the ves- 
sel by the chemical oxidation of the above elements in 
most types of pig iron to permit the simple blowing of 
cold air through molten pig iron to produce liquid steel 
without the need for an external source of heat. Because 
the process converted pig iron to steel, the vessel in 
which the operation was carried out came to be known 
as a converter. 

At first, Bessemer produced satisfactory steel in a 
converter lined with siliceous (acid) refractories by 
refining pig iron that, smelted from Swedish ores, was 
low in phosphorus, high in manganese, and contained 
enough silicon to meet the thermal needs of the process. 
But, when applied to irons which were higher in phos- 
phorus and low in silicon and manganese, the process 
did not produce satisfactory steel In order to save his 
process in the face of opposition among steelmakers, 
Bessemer built a steel works at Sheffield, England, and 
began to operate in 1860. Even when low-phosphorus 
Swedish pig iron was employed, the steels first pro- 
duced there contained much more than the admissible 
amounts of oxygen, which made the steel “wild” in the 


molds. Difficulty also was experienced with sulphur 
which, introduced from the coke used as fuel in melting 
the iron in cupolas, contributed to “hot shortne.ss” of the 
steel. These objections finally were overcome by the 
addition of manganese in the form of spiegeleisen to the 
steel after blowing was completed. The beneficial effects 
of manganese were disclosed in a patent by R. Mushet 
in 1856. The carbon and manganese in the spiegeleisen 
served the purpose of partially deoxidizing the steel, 
while part of the manganese combined chemically with 
some of the sulphur to form compounds that either 
floated out of the metal into the slag, or were com- 
paratively harmless if they remained in the steel. 

Because of trouble with tuyeres in the bottom, some 
early converters had tuyeres located in the side of the 
vessel but below the metal-bath surface. Many of the 
early converters were stationary and had to be tapped 
in a manner similar to the cupola or the open-hearth 
furnace; such converters were used for a considerable 
period in Sweden and Germany. However, the rotating 
or tilting type was favored in England and in the United 
States. 

As stated earlier, Bessemer had obtained patents in 
EIngland and in this country previous to Kelly’s appli- 
cation; therefore, both men held rights to the process in 
the United States. 

The Kelly Pneumatic Process Company had been 
formed in 1863 in an arrangement with William Kelly 
for the conunercial production of steel by the new proc- 
ess. This association included the Cambria Iron Com- 
pany; E. B. Ward; Park Brothers and Company; Lyon, 
Shord and Company; Z. S. Durfee and, later, Chouteau, 
Harrison and Vale, lliis company, in 1864, built the first 
commercial Bessemer plant in this country, consisting 
of a 2 ^^ ton acid-lined vessel erected at the Wyandotte 
Iron Works, Wyandotte, Michigan, owned by Captain 
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E. B. Ward. It may be mentioned that a Kelly converter 
was used experimentally at the Cambria Works, Johns- 
town, Pennsylvania as early as 1861. 

As a result of the dual rights to the process a second 
group consisting of Messrs. John A. Griswold and John 

F. Winslow of Troy, New York and A. L. Holley formed 
another company under an arrangement with Bessemer 
in 1864. This group erected an experimental 2^-ton 
vessel at Troy, New York which commenced operations 
on February 16, 1865. The rival organizations, after 
much litigation had failed to gain for either sole control 
of the patents for the pneumatic process in America, 
decided to combine their respective intcre.sts early in 
1866. This larger organization was then able to combine 
the best features covered by the Kelly and Bessemer 
patents, and the application of the process advanced 
rapidly. 

By 1871, annual Bessemer steel production in this 
country had increased to 45,000 net tons. This com- 
prised about 55 per cent of the total steel production of 
the country, and was produced by seven Bessemer 
plants. 

A. L. Holley’s contributions to the early development 
of the process were exceedingly imjiortant. He acted as 
consulting engineer on most of the plants erected in the 
first ten to fifteen years of the development of the proc- 
ess in the United Slates. Holley also greatly improved 
the design of the detachable bottom, originally devel- 
oped by Bessemer in 1863; this permitted increased 
tonnage output because it permitted replacement of the 
bottom when repairs were necessary without excessive 
loss of production. 

A process involving the use of a basic lining and a 
basic flux in the converter, which made it possible to 
use the pneumatic method for refining pig irons smelted 
from the high-phosphorus ores common to many sec- 
tions of Europe, was patented in England in 1879. The 
process, known as the Thomas, Thomas-Gilchrist or 
basic Bessemer process, is described in Section 3. 

Another notable contrilmtion to development of the 
pneumatic processes was made at a later date (1889) 
by William R. Jones of the Edgar Thomson Works of the 
Carnegie Steel Co., now a part of United States Steel 
Corporation, who conceived the idea of the hot-metal 
mixer. The purpose of the mixer and its construction 
are described in Section 2. 

Characteristics of Pneumatic Steels — While the pneu- 
matic steelmaking methods possess the advantages of 
speed and simplicity, there are certain chemical dis- 
advantages common to both the acid and basic processes. 


For example, bottom-blown acid Bessemer steels are 
generally higher in phosphorus, sulphur and nitrogen 
contents than basic open-hearth steels. Steels produced 
by the bottom-blown basic pneumatic processes may 
approach basic open-hearth steels with respect to phos- 
phorus and sulphur contents, but it is more difficult to 
produce steel of low nitrogen content by this process. 
When their phosphorus, sulphur and nitrogen contents 
are high in comparison with basic open-hearth steels, 
steels produced by the pneumatic processes possess 
higher yield and tensile strengths and lower ductility 
than the open-hearth steels. Further, when the nitrogen 
content is high, pneumatic steels are subject to some 
loss of ductility due to aging. When air alone is used for 
blowing, bottom -blown vessels produce steel with the 
highest nitrogen content, side-blown vessels produce 
steel possessing intermediate nitrogen content, and top- 
blown vessels produce steel with the lowest nitrogen 
content. Another disadvantage of most pneumatic steels 
is the inability to control carbon and oxygen contents 
of the finished steels as closely as can be accomplished 
in the basic open-hearth process. Because of the nature 
of pneumatic processes, it is presently impossible to 
closely control the final carbon content of pneumatic 
steels by stopping the blow at the exact time when the 
carbon content has fallen to the desired level, except 
at very low levels of carbon content. This generally 
limits the variety of steels made to those containing 0.30 
per cent and less carbon (although commercial steels 
containing up to 0.50 per cent carbon arc produced) 
The higher-carbon steels arc made by blowing the metal 
to a consistently low carbon content and then adding the 
required amount of carbon in the form of rccarburizers 
In addition to the control of carbon, some difficulty is 
also experienced in controlling the final temperature 
and state of oxidation of pneumatic steels. 

In general, steels which hove similar chemical compo- 
sitions have similar physical and mechanical properties. 
Steels made by pneumatic steelmaking processes which 
have the same chemical composition as those made in 
the basic open-heartli furnace, particularly with regard 
to phosphorus, sulphur, nitrogen and other contents, 
will have properties quite similar to the basic open- 
hearth steels and may be used in the same general ap- 
plications. There arc some applications where pneumatic 
steels, particularly those produced by the acid Bessemer 
process or variations of it, are superior to steel produced 
by any other method because of the desirable mechan- 
ical and physical properties resulting from the chemical 
composition of the pneumatic steels. 


SECTION 2 

THE BOTTOM-BLOWN ACID PROCESS 


As has already been stated, the bottom-blown acid 
process now known generally as the acid Bessemer 
process was the original pneumatic steelmaking process. 
Many millions of tons of steel have been produced by 
this method. From 1870 to 1910, the acid Bessemer proc- 
ess produced the majority of the world’s supply of steel. 

The success of acid Bessemer steelmaking is depend- 
ent upon the quality of pig iron available which, in turn, 
demands a reliable supply of relatively high purity ore 
and good metallurgical coke. At the time of ^e inven- 
tion of the process, large quantities of this type of ore 
were available, both abroad and in the United States. 
With the gradual depletion of supplies of high-quality 
ore (particularly low -phosphorus ores) abroad and the 
rapid expansion of the bottom-blown basic pneumatic 
and basic open-hearth processes of steelmaking, acid 


Bessemer steel production declined to a very low level 
percentagewise, particularly abroad in the early twen- 
tieth century. Sweden and Great Britain are ^e only 
European countries with adequate reserves of ores suit- 
able for the production of steels by the acid Bessemer 
process. 

In the United States, the Mesabi Range has provided 
a source of relatively high grade ore for making iron 
for the acid Bessemer process for many years. In spite 
of the availability of good ore in this country, the acid 
Bessemer process has still declined from a major to a 
minor steelmaking method in the United States. The 
reasons are partly metallurgical and partly economic. 

The early use of acid Bessemer steel in this country 
involved production of a considerable quantity of rail 
steel, and for many years this process was the principal 
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method used for the production of steel, as shown by 
Table 14 — I. At the present time, the acid Bessemer 
process in the United States is used principally in the 
production of steel for buttwelded pipe, seamless pipe, 
free-machining bars, flat-rolled products, wire, steel 
castings, and blown metal for the duplex process. The 
rated converter capacity of the nation is approximately 
12,000,000 tons of steel. Over half of this capacity repre- 
sents blown metal for use in the open-hearth or duplex 
process and the remainder Be.ssemer ingots. Most of the 
steel in this country is manufactured by the open-hearth 
[irocess, and during the past few years few new con- 
verters have been installed, although extensive experi- 
mental work on converter steel is in progress. The in- 
herent advantages of the process involve economic con- 
siderations in times of i^eace and national security in 
times of war. Fully-killed acid Bessemer steel was used 


for the first time commercially by National Tube Divi- 
sion of United States Steel Corporation in the production 
of seamless pipe. In addition, dephosphorized acid Besse- 
mer steel has been used extensively in the production 
of welded pipe and galvanized sheets. 

The modern shop for using the acid Bessemer process 
usually is built in conjunction with basic open-hearth 
furnaces to take advantage of the so-called “duplex^* 
process (see Chapter 17) . Since the production of duplex 
steels is covered in a later chapter, the present discus- 
sion is confined to that part of ihe Bessemer converter 
tonnage manufactured as acid Bessemer steel in ingot 
form. 

PRINCIPAL FACILITIES 

Plant Layout — Newer installations usually consist of 
three bottom-blown converters, also called ves.sels, of 


Table 14 — I. Annual Production of Steel for Ingots and Castings (Net Tons)^*' 




Open Hearth 

Eli'ctric 

Crucible 

Steel for 


Year 

Bessemer 

Acid 

Basic 

Furnace 

Castings 

Total 

1870 

42,000 

1,500 

None 

(b) 

? 

77,000 

1880 

1,203,173 

112,953 

None 

(b) 

7 

1,397,015 

1890 

4,131,536 

574,820 

None 

79,716 

7 

4,790,320 

1900 

7,486,942 

3,801 

5,911 

(b) 

112,629 

7 

11,410,928 

1910 

10,542,305 

876,742 

16,641,355 

56,919 

136,979 

7 

29,226,309 

1911 

8,901,596 

681,131 

16,149,623 

29,494 

109,371 

7 

26,517,238 

1920 

9,949,057 

1,451,712 

35,140,810 

566,370 

80,937 

7 

47,188,886 

1921 

4,497,851 

325,640 

16.648,360 

190,897 

8,527 

7 

22,157,853 

1929 

7,977,210 

1,254,926 

52,900,309 

1,065,603 

7,442 

7 

63,205,490 

1930 

5,639,714 

874,5.59 

38,380,514 

676,111 

2,523 

7 

45,583,421 

1931 

3,386,259 

424,668 

24.786,046 

460,255 

1,733 

7 

29,058,961 

1932 

1,715,925 

184,406 

13,1.51,804 

270,044 

722 

7 

15,322,901 

1933 

2,720,246 

363,469 

22,464,004 

471,747 

763 

7 

26,020,229 

1934t 

2,421,840 

307,651 

26,047,187 

404,651 

595 

119,331 

29,181,924 

1935 

3,175,235 

396,695 

34,004,585 

606,471 

719 

170,407 

38,183,705 

1936 

3,873,472 

471,858 

48,288,605 

865,150 

914 

285,653 

53,499,999 

1937 

3,863,918 

559,768 

51,265,211 

947,002 

1,046 

280,616 

56,633,945 

1938 

2,106,340 

305,017 

28,774,999 

565,627 

7 

155,848 

31,751,990 

1939 

3,358,916 

581,100 

47,828,700 

1,029,067 

931 

261,275 

52,798,714 

1940 

3,708,573 

690,243 

60,882,840 

1,700,006 

1,024 

332,822 

66,982,686 

1941 

5,578,071 

1,076,768 

73.312,851 

2,869,256 

2,313 

404,892 

82,839,259 

1942 

5,553,424 

1,318,892 

75,183,065 

3,974,540 

2,010 

485,755 

86,031,931 

1943 

5,625,492 

1,413,934 

77,207,870 

4,589,070 

146 

451,510 

88,836,512 

1944 

5,039,923 

1.19.5,659 

79,168,294 

4,237,699 

25 

399,585 

89,641,600 

1945 

4,305,318 

869,726 

71,069,876 

3,456,704 

24 

310,831 

79,701,648 

1946 

3, .327, 737 

599,663 

60,112,300 

2,563,024 

(c) 

267,624 

66,602,724 

1947 

4,232,543 

664,525 

76,209,268 

3,787,735 

(c) 

298,133 

84,894,071 

1948 

4,243,172 

625,305 

78,714,852 

5,057,141 

(c) 

286,595 

88.640,470 

1949 

3,946,656 

506,693 

69,742,110 

3,782,717 

(c) 

248,135 

77,978,176 

1950 

4,534,558 

600,858 

85,661,651 

6,039,008 

(c) 

296,461 

96,836,075 

1951 

4,890,946 

779,071 

92.387,447 

7,142,384 

(c) 

346,187 

105,199,848 

1952 

3,523,677 

703,039 

82,143,400 

6,797,923 

(C) 

323,756 

93,168,039 

1953 

3,855,705 

646,094 

99,827,729 

7,280,191 

(C) 

283,555 

111,609,719 

1954 

2,548,104 

307,866 

80,019,628 

5,436,054 

(C) 

191,099 

88,311,652 


‘•*From Annual Statistical Reports, American Iron and Steel Institute. 

"’Tigures not available. 

‘^'Included with electric steel. 

tThe figures for 1934 and subsequent years include only that portion of the steel casting production which was pro- 
duced in foundries operated by companies producing steel ingots. 
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from 25 to 30 tons capacity, one of which is maintained 
as a spare. The shop is on three levels with the pouring 
floor at ground level Two sets of standard*gage track 
service the vessels. The first set runs along the back of 
the shop with spurs running under each vessel On 
these spurs are placed the slag pots and, when it is 
necessary to change bottoms, the bottom-hoist car. The 
other tracks run in front of the vessels and are used to 
position the ladles. A teeming floor, with the necessary 
cranes for handling the ladles from the cars, is located 
close to the converter shop. 

On the second level are located the vessels, vessel- 
repair car and the iron-transfer ladle car to carry the 
molten metal from the mixer to the vessels (Figure 
14 — 3). To the side of the shop are located the mixers 
and the bins for ferromanganese and other ladle addi- 
tions. On the same level, but located across the shop 
from the vessels, is the control pulpit. On the third 
level are the tracks for ladle cars used to fill the mixers, 
the mixer controls and scales for the iron-transfer ladle. 

The Air Blast — ^Adjacent to the converter building is 
located the blowing room, wherein the air blast is gen- 
erated by turboblowers, although in older shops, steam- 
driven, vertical, reciprocating-tsrpe blowing engines are 
still in use. The blast is carried into the converter build- 
ing through large mains which lead to the hollow trun- 
nion of each vessel. Each line is fitted with control valves 
which are regulated from the pulpit by the blower. Also 


connected to each air-blast line is a steam line fitted 
with valves for injection of steam into the blast for 
temperature-control purposes. These valves also are 
regulated from the blower’s pulpit. The pressure in the 
main is regulated by an automatic blow-off valve, which 
fimctions when the vessel is off blast during charging 
or pouring. Blast pressures normally range from twenty 
to twenty-five pounds per square inch. Pressures up to 
thirty-five pounds per square inch are used on larger 
vessels. Although pressures as low as eighteen pounds 
per square inch are sufficient to prevent the molten iron 
from entering and blocking the tuyere holes, the use of 
this low pressure would prolong the blowing time un- 
necessarily. 

Pressures over the indicated maximums are not used 
because of the large amount of metal which would be 
ejected from the converter during blowing. 

Bottom House — ^The bottom of the converter is the part 
subject to the most wear and requires frequent replace- 
ment. Adequate facilities must be provided to insure a 
constant supply of rebuilt bottoms. These facilities in- 
clude adequate storage bins or hoppers for the refrac- 
tories used, equipment such as pug mills for the grind- 
ing and mixing of the refractories, pneumatic tools for 
ramming the bottom material in place, a storage area for 
tuyeres, and ovens for drying the completed bottoms. 
These ovens may be either of the in-and-out batch tyj^e 
or tunnel ovens of the continuous t5rpe. 






Pig. 14—3. General view of a recent installation of Bessemer converters, showing one of the three vessels blowing. Slag 
pots and the bottom-hoist car operate on standard-gage tracks on the level beneath the vessels. 


PNEUMATIC PROCESSES 


271 



P’lG. 14— 4A. (Above) Diagram illustrating the details of construction that permit air to enter the converter through 
j hollow trunnion, so that the vessel can be turned down without interrupting the flow of air. This schematic diagram 
is not intended to show actual details of vessel construction, many of which are visible in Figure 14 — 5, showing an 
actual converter in operation. (See also Figure 14 — 4B). 


THE CONVERTER OR VESSEL 

The cylindrical! y shaped vessel consists of a steel shell 
of riveted or welded construction, supported on two 
horizontal trunnions upon which it can be made to 
rotate in a vertical plane (Figures 14 — 4 and 14 — 5). 
One of these trunnions is hollow, through which the 
blast is passed by a pipe called the gooseneck or elbow 
pipe, to the windbox at the bottom of the vessel. A pinion 
IS fastened to the other trunnion and engages an elec- 
trically operated rack to tip the converter. The bottom, 
which is detachable, is pierced with twenty- eight 
tuyeres — ^larger vessels have as many as thirty-five — 
through which the air blast passes from the wind-box 
into the metal bath. 

Refractory Lining — With the vessel in the inverted 
position, the steel shell is lined with siliceous stone. 
Cut and dressed sandstone (firestone) or micaceous 
schist is used, most operators preferring a combination 
of the two. The micaceous schist usually is placed in 
those areas of the lining subject to the most mechanical 
wear. This stone has a laminated structure composed of 
tiny plates of mica, and, when laid in such a manner that 
the edges of the laminations are exposed as the wearing 
surface, it is very durable. The stone is laid up tightly 


with a thin layer of refractory fireclay and keyed into 
position to insure against movement when the vessel is 
tilted. Micaceous schist contains about 90 per cent silica, 
3 to 7 per cent alumina and 2 to 4 per cent iron oxide; 
while sandstone is composed of approximately 93 per 
cent silica and about 4 per cent alumina, the remaining 
2 to 3 per cent being iron oxide, lime and magnesia. 
Linings of this type have a life of approximately 25,000 
tons of steel ingots. The linings are dried before using by 
a flame inside the vessel, supplied by a “lance” burning 
gas or oil that is inserted through the mouth of the con- 
verter. 

Bottom Design — ^The tuyeres which admit the air blast 
from the wind-box into the vessel proper are cylindrical 
in shape, ranging in length from 26 to 36 inches depend- 
ing on the size of the vessel. They are made of a good- 
quality fireclay, medium burned. Soft tuyeres deterio- 
rate rapidly during blowing and decrease bottom life, 
while hard-burned tuyeres are too friable. The most 
commonly used tuyere is one containing seven %-inch 
diameter holes which run the length of the tuyere block. 
The tuyeres are slightly mushroomed on one end, so 
that, when inserted through the tuyere plate, they form 
a tight fit. The tuyeres are arranged in the bottom 
usually in two or more concentric circles with one tu- 
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Fig. 14 — 4B. Plan of bottom and section through a 25-ton eccentric Bessemer converter, so-called because of the loca- 
tion of the opening in the nose. Concentric converters have the nose opening parallel to and concentric with the 
bottom. 


yere in the center. On making a bottom, the tuyeres are 
set in position protruding through the cast tuyere plate. 
The large ring-shaped castings comprising the struc- 
tural part of the bottom are used repeatedly over long 
periods of time. Extra bottom castings are, of course, 
available so that new bottoms can be in the process of 
being built while the converting mill is operating. 

After positioning the tuyeres, long rectangular tile 
brick are positioned vertically throughout the bottom. 
The number used may vary anywhere from as few as 
six to as many as forty per bottom. It is felt that these 
tile brick act as stiffeners and prolong the bottom life. 
The number used must be balanced against the expected 
increase in bottom life, since their use increases the cost 
of the bottom. 

Tlie spaces between tuyeres and tiles are then filled 
with a refractory material suitably ground and mois- 
tened in a pug mill. The bottom material, consisting of 
siliceous stone such as ganister, brickbats and clay to- 
gether with reclaimed material from spent bottoms, all 
thoroughly ground and mixed together, is shoveled into 
place and rammed solidly, particularly around the 
tuyeres, to form a compact mass. This constitutes the 
so-called dry bottom, which is then thoroughly dried 
and baked in the ovens for a minimum of forty-eight 
hours at temperatures ranging from 300 to 400* F to 
insure complete drying. Some operators prefer a wet 
bottom, in which materials are moistened to the consist- 
ency of a concrete and poured much in the same man- 
ner. Longer drying cycles and higher temperatures are 
required for this type of bottom. 

Life of Bottoms — ^The bottom of the converter, as al- 
ready stated, is subject to severe wear. On the average, 
bottom life will range only from twenty-five to thirty- 


five ‘^blows’’ for a plant whose total output is mixed steel 
ingots and duplex metal. The vesselman examines the 
bottom periodically while the vessel is inverted. If he 
notices that a particular tuyere is wearing more rapidly 
than the other tuyeres, which is referred to as boring, 
and thus endangering the life of the bottom, he will 
direct the removal of the plate from the bottom of the 
wind-box. The bad tuyere will then be plugged with a 
blanking plate or clay to prevent the blast from passing 
through it. As many as ten or twelve tuyeres may be so 
blanked before the bottom is replaced. 

Once a tuyere begins boring, deterioration will pro- 
ceed at an exceedingly fast rale, sometimes as much as 
one inch per minute. An explanation for boring that 
has been advanced is the possibility that the holes in 
the tuyere were not spaced symmetrically. As a result 
of two tuyere holes being abnormally close together a 
cavity may form in the tuyere end. This cavity would 
be filled with a small pool of metal because of the lo- 
calized reduction of effective blast pressure. The small 
pool would be set in rapid motion by the blast and the 
metal would become highly oxidized and super-heated. 
In this condition it would be highly corrosive and 
chemical attack on the tuyere material would result. 
Once this reaction had started it would proceed at an 
increasing rate, thus causing rapid deterioration of the 
tuyere. 

The bottom is changed when the tuyeres are worn 
down to a length of about eight inches. The change re- 
quires approximately thirty minutes. The bottom plate 
of the wind- box is removed. A small car is set in posi- 
tion under the vessel, and the vessel is turned to the 
vertical position. A hydraulic jack raises the car until 
it contacts the bottom. The keys holding the bottom in 
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place are knocked out, the connecting links disengaged, 
and the bottom allowed to settle on the car. The car is 
then lowered to ground level and pulled out of position 
by a standard-gage locomotive. The new bottom, 
mounted on a similar car, is placed in position, and the 
operation reversed. 

Cupolas — Many of the earlier Bessemer plants were 
small, isolated units often located some distance from 
the source of pig iron. To supply the liquid-iron charge 
required by the process, solid pigs of iron were melted 
in reverberatory furnaces, superseded in a short time by 
cupolas. The cupola is a cylindrical stack- type furnace 
into which successive layers of coke, pig iron and lime- 
stone are charged at the top. A cold-air blast produced 
by fans, under a pressure of six to ten ounces, is intro- 
duced into the bottom of the furnace above the hearth 
through tuyeres located symmetrically around the cir- 
cumference. The cupola consists of a steel shell, lined 
with firebrick in its upper part and firestone in the 
lower part which is subjected to higher temperatures. 
The temperature generated at the tuyeres by combus- 
tion of the coke is sufficient to melt the iron and also 
superheat it. The limestone, having calcined in the 
stack, also fuses, combining with the ash in the coke 
to form a slag. The molten iron accumulates in the 
hearth from which it is drawn periodically, depending 
on the requirements of the converter, by opening the 
tap hole and allowing the iron to flow by way of a spout 
into the transfer ladle. Spiegel, a high-manganese pig 
iron, containing about 5 per cent carbon, formerly was 
melted in a smiliar manner and was used to recarburize 
the blown metal. 

The use of the cupola had certain inherent disadvan- 
tages which from the standpoint of production and 
quality control were most undesirable. Much of the 
sulphur and phosphorus in the coke was absorbed by 
the iron. These elements being undesirable above cer- 
tain limits in the steel, and the acid process being in- 
capable of removing them, it was necessary to use the 
best type of coke available. For this reason, as well as 
for economy, the amount of coke charged was held to a 
minimum. These factors, combined with fluctuations in 
iron composition, caused erratic swings in iron tempera- 
tures, resulting in difficulties in controlling the blowing 
of the converters. The desirability of using molten iron 
from blast furnaces became apparent at an early date, 
but the intermittent casting of the blast furnace, coupled 
with the large amount of molten metal taken from the 
furnace at one time, made such practice impracticable 
until the hot-metal mixer was invented. The advantages 
of the hot-metal mixer described below were quickly 
recognized in the industry and, at those plants where 
svifficient blast-furnace facilities were available, it re- 
placed quickly those cupolas used for melting iron for 
blowing in the converters. 

Hot -Metal Mixer — The fundamental purpose of the 
hot-metal mixer is to store molten iron from the blast 
furnaces until it can be used in the Bessemer converters 
or in the open-hearth furnaces. A modern mixer is illus- 
trated in Chapter 15. 

The modem plant usually has two or thrcie mixers of 
from 200 or 300 to 1500 tons capacity. The mixer is a 
large, cylindrical vessel mounted horizontally upon two 
sets of races and rollers, which in turn are set upon firm 
foundations of concrete. The vessel is rotated about its 
central axis by an electric motor connected through 
reduction gears to a large screw, which actuates the 
vessel through a connecting rod attached to its bottom. 
The vessel is constructed of steel plates joined together 
to form a shell, which is lined with a good grade of fire- 
clay brick or micaceous schist The lining is usually 
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about two feet in thickness. It is not uncommon for a 
mixer to be in continuous operation for a year before it 
is necessary for it to be drained in order to repair the 
lining. Complete relining is necessary about every three 
to four years. Molten iron is received from the blast 
furnace in ladles mounted on cars. These ladles are 
heavily insulated to conserve heat and are filled and 
emptied through a hole on the top. Molten iron is poured 
out of this hole into an opening on top of the mixer by 
revolving the ladle on its trunnions. On the front of the 
mixer is a second opening provided with a spout which 
permits hot metal to be drawn off as required by turn- 
ing the vessel. The mixer, acting as a reservoir for 
molten iron, serves these useful purposes: 

1. It conserves the heat in the molten pig iron, and is 
capable of maintaining the iron in the molten con- 
dition for long periods of time. Many mixers are 
equipped with gas- or oil-fired burners inserted in 
the ends, whereby additional heat can be made 
available if necessary. 

2. It promotes uniformity of iron by mixing the prod- 
uct of several blast furnaces, thus equalizing the 
irregularities of individual casts. This permits de- 
livery of iron of more uniform composition and 
temperature to the converters, which enables the 
blower to control steel-making variables more 
closely. 

3. Because of its large capacity, it can permit inde- 
pendent operations between the blast furnaces and 
the converter shop to a large extent, since any 
ordinary delay in the operations of either unit will 
not affect the other seriously. 

OPERATION OF THE PLANT 

Sequence of Operations — ^After completion of the pre- 
vious blow, the vessel is turned on its trunnions until 
it assumes an almost horizontal position and scrap, scale, 
or ore is dumped into the vessel as desired. The molten 
pig iron is then poured in from the transfer ladle, n.s 
shown schematically in Figure 14—6. In this horizontal 
position the metal is contained in the belly of the con- 
verter and does not come in contact with the tuyeres. 
The blast is started and the vessel is turned to a vertical 
position and remains in this position throughout the 
balance of the blowing period, unless “side blowing” is 
resorted to for increasing temperature, as discussed be- 
low. 

The Bessemer blow is usually thought of as being di- 
vided into three parts, the first period, the second period 
and the after blow. 

The first period, or the silicon blow, as it is commonly 
called, begins as the blast is turned on and the vessel 
turned up. During this period of the blow, a short, 
transparent flame extends from the mouth of the vessel. 
As the blowing continues the flame starts to lengthen 
after about four minutes and the second period or 
carbon blow begins. 

The long, brilliant flame which is characteristic of the 
carbon blow continues until the elimination of carbon 
approaches completion, whereupon there is a definite 
change In the appearance of the flame. The flame gradu- 
ally shortens in length and seems to fan out. As viewed 
through the blower’s colored glasses, streaks of red 
appear in the flame at the mouth of the converter, and 
then almost instantaneously the whole flame changes 
from the usual golden yellow to a reddish-appearing 
flame. This change, which always occurs at almost the 
same carbon content from blow to blow, has been desig- 
nated as the end point. As such it has been established 
as a control reference point by the blower On some 
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Fic. 14 — 6. Positions assumed by the Bessemer converter when Heft] pouring molten pig iron into the vessel, [center I 
blowing compressed air through the molten metal, and [right] pouring the refined metal [steel] into the ladle 
whence it is poured into ingot molds. The bottom left sketch shows how tilting the vessel raises the tuyeres above 
the level of the molten pig iron charged into the converter. The bottom center illustration is drawn to indicate the 
highly turbulent condition of the molten metal due to the passage of gases during the blow. Note that some slag, 
not indicated on the drawings, accompanies the molten metal. 


grades of steel the blow will be terminated promptly 
on reaching the end point. These blows are then said to 
be young blown heats. In other cases, it is necessary to 
prolong the blowing beyond this point as long as fifteen 
or twenty seconds. The time interval from end point to 
turn down is referred to as the after blow, and heats 
handled in this manner are said to be full blown. 

It is during the second period that the flame attains 
its full brilliance and length, extending as much as 
thirty feet beyond the mouth of the converter. This 
flame results from the evolved carbon monoxide burn- 



F'ig. 14 — 7. Curves showing relationship between the 
carbon content and iron-oxide content of the metal in a 
converter. 


ing to carbon dioxide as it comes in contact with the 
air at the mouth of the converter. It is at this time that 
the blower carefully studies the flame to determine if 
his judgment regarding temperature control, and in 
estimating the amount of scrap needed, initially was 
correct. If the flame shows brilliant white patches and 
is extremely feathery around the edges, the temperature 
in all probability is too high. By introducing steam into 
the blast line the temperature can be lowered because 
of the heat absorbed through the dissociation of water 
vapor. A dull flame streaked with dark patches is indica- 
tive of low temperature. The temperature can be in- 
creased by resorting to side blowing. This involves 
tipping the converter over on its back, thereby exposing 
several of the tuyeres above the metal bath. By so doing, 
oxidation of carbon monoxide to carbon dioxide is pro- 
moted within the vessel itself, thereby increasing the 
temperature of the bath by the radiation of heat. 

Darken and Gurry have calculated the comparative 
effect of various coolants used in the process to control 
temperatures (Table 14 — II). 

Table 14 — n. Effect of Coolants in Bessemer Blowing 


Addition of 100 lbs. 
Pig iron 
Steel scrap 
Dry ore 

Steam or water vapor 


Cooling Effect Produced 

42.000 Btu 

59.000 Btu 

161.000 Btu 

415.000 Btu 


Studies have shown that there is a definite relation- 
ship between the carbon and iron oxide in the converter. 
This relationship is exhibited in Figure 14 — 7. Uniform- 
ity of product is influenced by control of iron- oxide con- 
tent After the carbon content has been lowered to 
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0.05 per cent, any further lowering of the carbon is 
accompanied by an increase in iron-oxide content. It is, 
therefore, apparent how important the determination of 
the end point becomes in insuring uniformity of product 
from blow to blow. 

The quality of the pig iron furnished by the blast 
furnaces to an acid Bessemer shop will determine to a 
great extent the quality of the steel which can be pro- 
duced. Iron of the correct chemical composition and 
temperature is required. For the best blowing, both 
from the standpoint of production and of quality, iron 
within the following ranges in composition is desired: 


Element 

Silicon 

Manganese 

Phosphorus 

Sulphur 


Per Cent 
1.10 to 1.50 
0.40 to 0.70 
0.090 max. 
0.030 max. 


It is felt that for best blowing conditions a ratio of silicon 
to manganese of two or two and one-half to one should 
be maintained. The carbon content of the iron will range 
from 4.00 to 4.50 per cent, but chemical determination of 
this element in the iron generally is not made. 

A typical charge for a 25- ton acid Bessemer converter 
is as follows: 


Hot Metal (Bessemer) 55,000 lbs. 

Scrap 7,000 lbs. 


With the above charge the blowing time will vary from 
eleven to fifteen minutes, depending upon the chemical 
composition of the iron and the condition of the bottom 
in respect to the number of blanked tuyeres. For the 
smaller, 10-ton converters, the time is shorter, averag- 
ing nine to eleven minutes. 

Roll-scale additions are sometimes made in order to 
decrease blowing time. The roll scale, which is largely 
iron oxide, begins immediately to react with the silicon 
and manganese in the iron, and thus hastens their elimi- 
nation. The scrap is added as a coolant. The amount re- 
quired is estimated by the blower from his observations 
as to whether or not a satisfactory final temperature was 
obtained on the previous blow. The amount necessary 
to use will vary with the actual or physical temperature 
of the iron, as well as the potential chemical heat avail- 
able in the iron, which in turn depends on its composi- 
tion. 

After the blower has made the decision that the blow 
should be terminated, the vessel is turned down and 
the blast turned ofl. Molten iron is added to the vessel 
at this time if it is desired to produce killed Bessemer 
steel, as described later under “Carbon Deoxidation.” 
The ladle is positioned under the mouth of the converter 
to permit the blown metal to be poured into it. This op- 
eration is done slowly and carefully in order to retain 
as much slag in the vessel as practical. While the metal 
is pouring into the ladle, the recarburizers and de- 
oxidizers are added. When the vessel has been drained, 
the ladle is withdrawn and the vessel turned further 
from the vertical to permit the remaining slag to drop 
out into a slag pot mounted on a car below. The ladle 
is carried to the teeming platform, and the steel is 
teemed into the Ingot molds. In the practice being de- 
scribed, each ladle is capable of containing all of the 
steel produced in two blowing operations; the content 
of a full ladle is referred to as a “heat.” 


STEEL-DISPOSAL EQUIPMENT 
Ladles — Cup-shaped ladles constructed of steel plates 
are used to transfer the molten steel from the converter 
to a location where it can be teemed into the ingot 
molda. These ladles are generally similar to those de- 


scribed and illustrated in Chapter 15 in connection with 
open-hearth practice. The ladles are lined with ladle 
brick and sealed with a thin clay slurry. To prevent the 
slag, which always floats on the steel in the ladle, from 
entering the mold and contaminating the ingot, the 
steel is teemed through a small hole, 2 inches in diame- 
ter, in the bottom of the ladle. For opening and closing 
this hole when moving from mold to mold, the ladle is 
equipped with a stopper which can be operated by the 
steel pourer on the teeming platform. This stopper con- 
sists of a steel rod, protected with fireclay sleeves, to 
the lower end' of which is attached the stopperhead 
made of graphite, which fits snugly into the nozzle in the 
bottom of the ladle. The upper end of the stopper rod is 
fastened to a gooseneck which is keyed to a vertical slid- 
ing bar attached to the outside of the ladle. This bar is 
provided with a lever by which it may be raised or 
lowered, causing a like movement of the stopper. Aftc*r 
the teeming of each heat the ladle is upended by an 
auxiliary hoist to dump the .slag into the slag pot. At 
this time a wad of clay is inserted into the nozzle to 
guard against a leaking or running stopper when the 
ladle is refilled. The stopper rod is replaced after teem- 
ing so as to be ready for the next heat. The ladle is 
patched after teeming about eighteen heals. At this 
time the rim of the ladle is cleaned of adhering slag or 
steel, patched with clay and a new nozzle inserted in the 
bottom. Ladles require complete relining only after hav- 
ing teemed 50 to 60 heals or 100 to 120 blows. 

Ingot Molds— The ingot molds into which the finish(‘d 
steel is teemed are made of cast iron. The standard mold 
used at the plant being discussed here as an example 
has a 24-inch x 27-inch average internal cross-section 
and is 81 inches high. The mold corners are rounded, the 
mold wall is corrugated, and the sides are tapered to 
facilitate stripping of the mold from the ingot. The molds 
are open at both ends and, when ready for teeming, re.st 
big-end-down on heavy cast-iron plates called stools. 
A .stool large enough to accommodate three molds i.s 
mounted on a small narrow-gage car or buggy. Buggies 
are constructed so that their sides form aprons which 
protect both the track on which the cars run and their 
own running gear from splattering by molten steel dur- 
ing teeming. The care of the molds is highly important, 
since dirty or defc'ctive molds will result in defects on 
the surface of the ingots, which in turn will be reflected 
in inferior surface of the rolled product. Good teeming 
practice resulting in clean, scab-free ingots, pays divi- 
dends in subsequent operations, since the cost involved 
in removing surface defects from the semifini.shed rolled 
product is thereby minimized. 

The Stripper— As the name implies, this piece of 
equipment is designed to remove or strip the molds from 
the ingot after a sufficient time interval has elapsed 
after teeming to permit a substantial shell of solidified 
steel to have formed on all six surfaces of the ingot. It 
consists of a powerful overhead crane, from which is 
suspended a vertical arm with two jaws that engage 
lugs cast on the outside of the mold on either side near 
the top. Operating between the jaws is a ram or plunger, 
capable of exerting pressure on the top of the ingot. In 
stripping the ingot, the jaws engage the lugs and exert 
a powerful upward pull on the mold, while the ram, 
having been inserted through the open top of the mold, 
holds the ingot on the stool until the mold is loosened. 
The mold is then raised high enough to clear the ingot, 
and placed upon an empty car standing on an adjoining 
track. Illustrated descriptions of strippers are included 
in Chapter 15. 

The older stripper installations are operated hydrau- 
lically, while the newer are powered electrically. Tlie 
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electric strippers, since they are of the traveling type, 
po'^sess a decided advantage over the older hydraulically 
operated machines, which are stationary. The most 
favorable location for the stripper is as close to the 
i,oaking-”pit building as space requirements will permit. 
This is important, in that minimizing the lime that 
oLipscs between stripping the molds from the ingots to 
completion of charging the ingots into the blooming-mill 
soaking pits, other things being equal, will result in 
f;ctler surface quality of the rolled product and reduce 
tiic amount of fuel required for reheating in the soaking 
pits. 


reactions have been taken from “The Thermochemistry 
of the Chemical Substances,” by F. Russell Bichowski 
f. L I^ossini, published by Rcinhold Pub- 
lishing Corporation, New York, 193C): 

(1) Fe + % O, = FeO (-|- 115,740 Btu) 

(+ 115,740 Btu) 

(2) 2FeO +Si = 

(2 X 115,740 Btu) 


SiOs 

(-h 366,010 Btu) 
FeO -f- Mn = 


-f 2 Fe....(-f 134,530 Btu) 


(~ 115740 Btu) 


CHEMISTRY OF THE ACID-BESSEMER BLOW 

Some knowledge of the laws controlling chemical re- 
actions is necessary for a clear understanding of the 
various reactions occurring in the acid Bessemer con- 
verter. The law of mass action states, in effect, that the 
rate or speed of a chemical reaction may be increased 
by increasing the active masses, or amounts, of one of 
the reacting substances; another law says that when 
chemical reactions take place without the addition of 
heat from an external source, those substances which 
liav^e the greatest heats of formation, that is, those that 
give off the most energy during formation, will tend to 
form. 

As previously stated the Bessemer blow u.sually is 
tfiought of as being divided into three parts, called the 
silicon blow, the carbon blow and the afterblow. 
Changes in chemical composition of the bath during 
progress of a 25- ton blow arc shown diagrammatically 
in Figure 14 — 8. 

The silicon blow commences as soon as the blast is 
let into the converter. The oxygen in the air unites di- 
rectly with the iron to form iron oxide, which in turn 
combines with the silicon and manganese. These reac- 
tifins and the net heat evolved can be shown by the 
following equations (unless otherwise stated, all heats of 



Fig. 14 — 8. Changes in chemical composition of the metal 
in the bath of a 25-ton acid Bessemer converter during 
the progress of a blow. 


MnO -f Fe . . . ( q- 57950 Btu) 
(4- 173700 Btu) 

With the oxidation of silicon and manganese, a slag is 
formed immediately by the combination of silica with 
the excess iron oxide and the manganese oxide, the re- 
actions being illustrated generally as follows: 

(4) FeO 4- Si02 - FeO Si02 

(5) MnO 4 - Si 02 = MnO Si 02 

During this period of the blow, which lasts u.sually 
about four to five minutes, a short, stubby, transparent 
flame extends from the mouth of the converter. Pellets 
of molten iron and slag can be seen ejected by the blast. 
The converter gases evolved during this period arc 
mainly nitrogen, with some carbon dioxide and traces 
of oxygen and hydrogen. The hydrogen results from the 
dissociation of water vapor in the blast. 

The slag formed is intimately mixed with the metal as 
a result of the violent agitation of the bath, and, being a 
mixture of silicates, can cither take on or give off some 
iron oxide. Thus, it also may help to oxidize the metal- 
loids as long as they are present, or deoxidize the metal 
when the metalloids are absent. Toward the end of the 
period carbon may be oxidized either directly by the 
oxygen of the blast or by the dissolved iron oxide in the 
metal. 

(6) C 4 - = CO ( 4 . 48310 Btu) 

(7) FeO 4 - CO = 

(- 115740 Btu) (- 48310 Btu^ 

Fe 4 - CO*.... ( 4 - 5960 Btu) 
(4- 170,010 Btu) 

Such reactions account for the presence of both CO 2 and 
CO in converter gas during the first part of the blow. At 
the beginning of the blow CO is subject to reduction by 
both silicon and manganese, especially if the iron con- 
tains a high concentration of these elements. 

(8) 2CO 4-Si = 

2 (~ 48310 Btu) 

SiO. i 2C....( 4*269390 Btu) 
( 4 - 366010) 

(9) CO 4 - Mn = 

(- 48310 Btu) 

MnO 4- C . . . . ( 4- 125390 Btu) 

(4-173700 Btu) 

As the temperature rises, the second period or carbon 
blow commences. The elapsed time for completion of this 
period is six to seven minutes. The reactions occurring 
now are as follows: 

(10) EeO 4 . C = Fe 4- 
(-115\740Btu) 

\ CO (-67,430 Btu) 

(4- 48,310 Btu) 

(10a) FeO 4 - FejC =: 

(- 115,740 Btu) (- 9,360 Btu) 

4Fe4- CO (-76,790 Btu) 

(4- 48,310 Btu) 
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These reactions, in conjunction with reaction (6), rap- 
idly bum out the remaining carbon. According to the 
law involving heats of formation, these reactions should 
not take place, but since one of the products is a gas 
and the net heat of reactions (1) and (10) is equal to 
the heat of formation of CO, they progress rapidly 
almost to completion under the conditions of blowing. 
Again, endothermic reactions may be reversed at high 
temperatures. This fact suggests the possibility that 
with “hot iron,” that is, iron high in silicon, v/hich is 
also initially at a very high temperature, it might be 
possible even to eliminate the carbon before the silicon 
and manganese could be oxidized, and the testimony 
of the older and more experienced operators of con- 
verters is to the effect that just such a result as this 
has often occurred when the conditions noted were 
present. Furthermore, in the elimination of the carbon, 
the law of mass action becomes prominent again, for 
with the elimination of the silicon and manganese, the 
active mass of the ferrous oxide rapidly increases until 
equilibrium is established with carbon. Comparatively 
little additional heat is generated in the bath dur- 
ing this period. The net heat generated is the difference 
between the heat of formation of FeO (115740 Btu) and 
that absorbed in reaction (10), (67430 Btu), or 48310 Btu 
which is the heat of formation of CO. The carbon reac- 
tion occurs concurrently with the phenomenon com- 
monly spoken of as the boil. There is, during this period, 
very little, if any, iron oxidized above that required to 
eliminate the carbon, so each volume or molecule of 
oxygen in the blast will produce two volumes or mole- 
cules of CO. The converter gases, therefore, show a high 
content of CO, very little CO 2 , and a marked decrease 
in Na. But as the carbon is eliminated, the amount of 
oxygen in the metal increases, until the content of the 
former reaches a point between 0.01 and 0.02 per cent, 
when the oxygen content may increase rapidly without 
further oxidation of the carbon. 

Phosphorus and Sulphur Control — In the acid process, 
the phosphorus and sulphur suffer no oxidation from 
the action of iron oxide. Assuming that the loss in 
weight in the bath from elimination of the metalloids, 
mechanical ejection by the blast and oxidation of iron 
and retention as iron oxide in the slag was 10 per cent, 
if an iron contained 0.030 per cent sulphur and 0.075 
per cent phosphorus, the metal at the termination of the 
blow would contain approximately 0.033 per cent sul- 
phur and 0.083 per cent phosphorus. 

Iron ores with a low phosphorus content (less than 
0.045 per cent) are required in the production of blast- 
furnace iron that can be converted into low-phosphorus 
steel by the acid Bessemer process without employing 
a separate dephosphorizing process. 

Dephosphorization in the ladle has been used success- 
fully for a number of years in the production of acid 
Bessemer steel with less than 0.050 per cent phosphorus. 
This is accomplished by adding a mixture of lime, iron 
oxides and flux, all in the solid state, to the blown metal 
as it flows into the ladle. Another method for phosphorus 
removal consists of the well-known duplex practice in 
which a tilting basic open-hearth furnace is employed. 
The technical possibilities of dephosphorization in the 
Bessemer process is a field for further investigation. 

Sulphur in coke is also an important factor in Bes- 
semer steel production as this element is not removed 
in the acid Bessemer process. If higher sulphur coke 
is used in Bessemer iron production, it is necessary 
either to remove sufficient sulphur in the blast furnace 
or resort to other treatments. Ih the blast furnace, lime- 
stone in the charge is adjusted with the burden for sul- 
phur removal. Ladle treatments have been developed 


in which fused sodium carbonate or sodium hydroxide 
has been used successfully, particularly with cupola 
iron. In the duplex process, sulphur may be removed to 
some extent in the basic open-hearth furnace. In Eur- 
ope, a certain amoimt of sulphur is removed in the basic 
Bessemer process. 

PROCESS AND QUALITY CONTROL 

End Point Evaluation— Although visual characteris- 
tics continue to be the most widely used means of con- 
trolling the Bessemer blow and determining the end- 
point characteristics, several instruments have been in- 
vestigated in an attempt to obtain better control. The 
spectroscope, one of the first instruments investigated, 
has been used with reasonable success. The amount of 
natural light and other conditions in the Bessemer plant 
may interfere with and limit its applications. It is neces- 
sary, depending on the grade of steel being produced, 
to select a time interval after changes in the spectrum 
are observed in order to turn down the vessel at the 
proper carbon content. 

Automatic recording of the radiation characteristics 
of the flame as measured by a photocell also has been 
used to aid in control of the Bessemer blow. As the 
flame drops at the end of a blow, the curve drawn 
by the recorder indicates an arrest which is taken 
as the end point. Each type of steel requires a specific 
afterblow, measured in seconds, which is determined 
by statistical studies of variations in yield and quality 
with time of afterblow, beyond this end point. 

One of the most important features of end-point con- 
trol is the elimination of overblowing which results in 
the absorption of excessive amounts of oxygen and 
nitrogen. This not only affects the efficiency of deoxida- 
tion, but also influences behavior of the product during 
processing in the rolling mills. 

Temperature Control — ^The production of steel by the 
converter process requires careful temperature control 
in order to insure satisfactory practice. If the finished 
steel is too low in temperature, ladle skulling and pour- 
ing nozzle difficulties will be encountered which are 
undesirable from the viewpoint of steel quality. Steel 
with a high temperature not only contains excessive 
quantities of nitrogen and oxygen, but also is unsatis- 
factory in other respects. The Bessemer blower is, there- 
fore, confronted with the problem of producing steel at 
a satisfactory temperature which can be determined 
conveniently at the present time only with an optical 
pyrometer as the blown metal is poured into the ladle 
or during teeming. Many attempts have been made to 
develop a satisfactory device to measure temperature 
of the molten charge during the Bessemer blow, but a 
satisfactory technique has not been developed. The 
blower still must continue to depend upon the charac- 
teristics of the flame. 

A photronic cell located in the wind-box has been in- 
vestigated and the possibilities of making accurate tem- 
perature determinations by this method are promising, 
but additional experimental work will be required to 
develop a satisfactory technique. 

Chemical composition of the iron is a fundamental 
consideration with respect to temperature control, par- 
ticularly with regard to silicon. The oxidation of silicon 
is an exothermic chemical reaction and data showing 
the actual silicon content in the iron should be available 
to the blower. If the silicon content is high, cold metal 
(scrap) or pig iron may be added to the vessel to elimi- 
nate the necessity for steaming. If the silicon content 
is too low, it may be necessary to side blow in order to 
Increase the temperature of the metal. During the blow, 
if the temperature is excessive, all of the silicon may 
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not be removed before carbon oxidation predominate®. 

A cold ladle or vessel and the amount of ferroalloy 
addition at the end of the blow are among the factors 
which must be considered by the blower in producing 
steel with a satisfactory temperature. The blower, there- 
fore, must take into consideration the many variables 
which affect temperature and, by judging character of 
the flame, produce a satisfactory quality steel. The ac- 
curate determination of temperature during the blow 
with a radiation instrument, consequently, would be of 
considerable assistance in the economic production of 
Bessemer steel. 

Oxygen-Enriched Blast — Extensive investigations of 
the use of an oxygen- enriched blast have been carried 
out with the following results: 

(1) Shorter blowing time resulted. 

(2) Greater utilization of cold iron and scrap was 
achieved. 

(3) With a blast containing about 30 per cent oxygen, 
the bottom and vessel linings were not abnormally 
worn in a limited number of heats. 

(4) Steel quality was similar to regular Bessemer 
heats. 

(5) Flame characteristics were readily distinguishable 
by blowers and satisfactory teeming temperatures 
were obtained. 

Blowing Time and Quality — One of the important 
economic factors in the production of Be.ssemer steel is 
that a blow usually lasts for a period of only 10 to 15 
minutes. However, the time required to make a certain 
quantity of steel depends on size of the vessel, and con- 
verters in this country are relatively small. Due to the 
fact that the time required to make an acid Bessemer 
blow is relatively short, the problem of controlling 
quality of the product differs somewhat from open- 
hearth practice. Speed of the operation is so rapid that 
the necessity for certain control measures diflers from 
those required by the open-hearth melter. The Bessemer 
process, to a marked degree, is automatic in its opera- 
tion. 

The composition of the steel cannot be regulated satis- 
factorily by slopping the blow at an intermediate point 
due to the speed of reactions and other conditions. It is 
possible to blow a Bessemer heat to any selected carbon 
level, but a product more uniform in chemical composi- 
tion is obtained by blowing to the drop of the flame and 
adding carbon and manganese as required. High-carbon 
blown metal is sometimes produced in the duplex proc- 


ess as further refining and adjustment in chemical com- 
position are made in the open-hearth furnace. At the 
first indication of a drop of the flame and other changes 
in appearance of the flame, the converter may be turned 
down a^^d the carbon content will be approxi- 

mately 0.10 per cent. However, most of the acid Bes- 
semer steel is blown “full’* to insure uniform composi- 
tion. The vessel is turned down as height of the flame 
continues to decrease and certain changes in appearance 
are observed. Full-blown heats contain approximately 
0.04 per cent carbon. If the manganese content of the 
metal at the beginning of the blow is too high, a fluid 
slag which contributes to “slopping" is produced. There- 
fore, the ratio of silicon to manganese mu.st be con- 
trolled. Silicon already has been described as a source 
of heat and therefore an important fac tor in tempera- 
ture control during the blow. 

DEOXIDATION OF ACID BESSEMER STEEL 

General — In the Bessemer process, charade ristu’s of 
the flame at the end of the blow and the deoxidation 
practice employed are fundamental factors which con- 
trol quality of the product. The additions required to 
produce various grades of acid Bessemer stc'cl are in- 
corporated in the deoxidation practice and may be* 
added to the vessel, ladle, or mold. 

In the deoxidation of acid Bessemer steel, the oxygen 
content of the blown metal is one of the significant fac- 
tors involved. The iron oxide content is also related 
to the nitrogen content in that both are increased by 
higher temperatures and overblowing. In the produc- 
tion of killed acid Bessemer steels, the deoxidation prac- 
tice also must take into consideration the fixation of 
nitrogen. Therefore, for proper deoxidation, it is essen- 
tial to control carefully the temperature and end point 
of the Bessemer blow. 

Rimmed and capped acid Bessemer steels usually are 
blown fully and finished with a low carbon content. 
These steels are not completely deoxidized so that a 
strong evolution of gas occurs during solidification in tlie 
mold. Suliicienl deoxidizer may be added, either in the 
ladle or mold, to control action in the mold (Table 
14 — III). In capped steels, the period of gas evolution in 
the mold is further controlled by using a steel cap which 
chills and solidifies the top of the ingot. Steel of this type 
usually contains about 0.07 per cent carbon, 0.45 per 
cent manganese, 0.08 per cent phosphorus, 0.025 per cent 
sulphur and 0.005 per cent silicon. In the manufacture 
of killed acid Bessemer steel, strong deoxidizers, includ- 


Table 14 — III. Typical Compositions of Deoxidizers (Per Cent) 



Fe 

C 

Mn 

S 

P 

Si 

Ash 

Ferromanganese 

11.95 

6.50 

80.40 

Trace 

0.160 

1.00 

1 


Ferrosilicon (50%) .... 

48.4 

0.15 

0.31 

0.008 

0.035 

50.0 


Ferrosilicon (85%) 






85.60 


Pig or Molten Iron 

92.78 

! 4.25 

0.56 

0.032 

0.078 

1.33 


Anthracite Coal 


85.50 





4.50 


Fe 

A1 

Cu 

Ni 

Si 



Aluminum 

2.24 

90.19 

4.14 

m 

2.28 
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ing carbon, ferrosilicon and aluminum are added to the 
molten steel at the end of the blow. Ingots with a dense, 
homogenous structure, relatively free from porosity or 
blowholes, are produced from killed steel. Steel of this 
type may contain 0.10 per cent or more carbon, 0.35-1.25 
per cent manganese, 0.10-0.30 per cent silicon, 0.08 per 
cent phosphorus and 0.025 per cent sulphur. Alloys also 
may be added if desired. The factors responsible for the 
superior quality of deoxidized as compared with rimmed 
or capped acid Bessemer steel do not depend entirely on 
the fact that a killed steel is involved, but more pre- 
cisely, arc related to the method of killing the steel. 

Carbon Deoxidation — The oxygen content of rimmed 
or capped acid Bessemer steels is high and must, to a 
certain degree, be evaluated by behavior of metal in 
the mold. These steels are generally low in carbon, and 
carbon deoxidation is not an important factor in the 
production of “open” steels. 

The carbon content of killed acid Be.ssemer steel 
varies from 0.10 per cent to any higher level desired, de- 
pending upon the grade of steel. A sufifieient amount of 
deoxidizer is added to produce a .steel which has no ac- 
tion in the mold. In order to meet carbon requirements 
and properly deoxidize the steel, molten blast-furnace 
iron containing about 4 per cent carbon is added to the 
vessel at the end of the blow. After the addition of hot 
metal, a reaction takes place for .several minutes in the 
vessel which results in the formation of carbon mon- 
oxide gas. This is similar in some respects to “blocking” 
an open-hearth heat (described in Chapter 15), except 
that the mixing of blown metal and hot metal is almost 
instantaneous. The carbon monoxide burns at the mouth 
of the converter. Removal of oxygen as a gas not only 
deoxidizes the steel but removes oxygen immediately 
instead of forming a solid metallic inclusion which must 
rise to the surface of the steel. Steel made by this process 
is distinctly different from regular acid Bessemer steel. 
The steel contains fewer non-metallic inclusions than if 
silicon or aluminum had been added before the carbon 
reaction. 

In the use of hot metal for deoxidation of acid Besse- 
mer steel, provisions must be made for accurate weigh- 
ing of the addition. Other means may be used for carbon 
deoxidation in which solid materials are added, but the 
simplest and most thorough method at the time this 
is written is the use of hot metal. 

Manganese and Silicon Additions — In the manufac- 
ture of killed acid Bessemer steels manganese and sili- 
con may be added after carbon deoxidation either to the 
vessel or ladle in sufficient quantity to provide the 
amount desired in the fmished steel. Additions to the 
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Fic. 14—9. Diagram illustrating the use of a crane- 
operated chute for making additions of solid materials 
to a Bessemer converter. 


vessel are preferred and are accomplished by the use of 
a chute, as shown in Figure 14 — 9. Usually, 75 per cent 
ferromanganese and 50 per cent ferrosilicon are em- 
ployed. Special types of deoxidizers containing silicon 
and/or manganese with aluminum have been used suc- 
cessfully. In the manufacture of rimmed or capped acid 
Bessemer steels, silicon is seldom used, and manganese 
is added to the ladle for fixation of sulphur and to im- 
prove rolling characteristics. The efficiencies of the 
various additions are similar to open hearth practice at 
the same carbon level. 

Although aluminum is added to steel primarily for 
deoxidation purposes, it also is used for nitrogen fixation 
in killed acid Bessemer steels. The fixation of nitrogen 
with aluminum or other elements imparts superior 
toughness and improved resistance to notch sensitivity. 
The proper use of aluminum or its equivalent is essen- 
tial in the production of a satisfactory killed acid Besse- 
mer steel. 

ECONOMIC CONSIDERATIONS 

Investment Costs — The cost of building an acid Be.sso- 
mer plant is appreciably less than an open-hearth plant 
of equivalent capacity and the difference in cost de- 
pends, to some extent, upon the size of individual units. 
However, in the operation of an acid Bessemer plant, 
greater blast-furnace and by-product coke capacity is 
required as only a small amount of scrap is used in the 
process. Therefore, the investment in blast-furnace and 
by-product coke facilities for the acid Bessemer plant 
would be greater than for an open-hearth plant and 
must bo considered as part of the investment costs. This 
probably was a factor which, to some extent, was re- 
sponsible for the shift from acid Bessemer to basic 
open-hearth steel production during the years between 
about 1910 and the present. 

With proper facilities in an integrated plant, consist- 
ing of acid Bessemer converters and tilting or stationary 
basic open-hearth furnaces, the cost of producing 
Bessemer ingots over a period of years should be less 
than open-hearth ingots. When a shortage of scrap exists 
and the price is high, acid Bessemer facilities not only 
have an economic advantage, but are in a belter posi- 
tion to meet market demands for steel products. This 
latter feature is of considerable importance in time of 
a national emergency. 

Scrap Market Conditions — The ratio of acid Bessemer 
to basic open-hearth steel production is influenced by 
the availability of steel scrap. The Bessemer process 
uses about 10 per cent scrap. The duplex open-hearth 
process utilizes very little scrap while the stationary 
open-hearth process ordinarily employs 35 per cent to 
60 per cent. Although the quantity of scrap used in the 
Bessemer process is small, this quantity may be in- 
creased appreciably in the future to approximately 25 
per cent by oxygen-enrichment of the blast. Further, 
the use of scrap in the blast furnace may be considered 
in the Bessemer situation. 

The Bessemer process produces more scrap than it 
consumes. The crop ends in the blooming mill alone 
produce about 15 per cent, and additional scrap is pro- 
duced in further processing of the material. The sta- 
tionary open-hearth process produces a similar amount 
of scrap, but constantly uses more than it produces. The 
deficit is supplied by scrap originating from the Besse- 
mer process and from sources outside the plant. 

The Bessemer process has certain economic advan- 
tages when scrap is scarce and costly, but there are 
periods in our economy when scrap is plentiful and 
cheap. Therefore, the economic pressure which exists 
over a period of years will be a controlling factor which 
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influences the acid Bessemer steelmaking production of 
the nation. 

Metal Losses — Metallic yield in the acid Bessemer 
process is comparable with stationary open-hearth 
practices and is influenced by metalloid losses, oxidation 
of iron, slopping and other operation characteristics. 
Depending upon facilities and operating conditions, the 
p('rf()rmancc of acid Bessemer plants in terms of metal 
yield has been similar to that of open-hearth plants. 

Possible Future Trends — The future design of con- 
verters probably will be directed to the construction of 
vessels with a larger capacity in order to reduce the 
cost of acid Bessemer steel. A number of large bottom- 
blown (basic) converters with capacities exceeding 50 
tons were in operation in Germany during World War 
II. At present, the size of a heat may be increased by 
pouring several acid Bessemer blows in one ladle and 
this practice has some of the advantages which are 
achieved in open-hearth practice with larger furnace 


capacities. In order for rimmed or capped converter 
steel to have properties similar to open-hearth steel, 
it is not only necessary to reduce the nitrogen content, 
but also the phosphorus content of the finished steel. 
In the manufacture of seamless pipe, the phosphorus 
content of killed converter steel imparts to the steel 
strength properties which are achieved in open-hearth 
steel only at higher Icvel.s of eaibon, or by deliberate 
increase of phosphorus and/or nitrogen content. 

Changes in converter design require' thorough evalu- 
ation with respect to operating characteri.stics. The 
problems encountered in open-hearth dc.sign are of an 
entirely difTerent nature, and if a sitmlar efTort had been 
directed in this country to converter design and prac- 
tice, considerably more progress w'ould liavc resulted. 
Present trends in the use of oxygen and compressed 
air in the bath of open-hearth furnace.s indicate clearly 
the future possibilities of a more widespread use of the 
fundamental principlo.s of the pneumalu* pioeesses. 


SECTION 3 

THE BASIC BESSEMER OR THOMAS PROCESS 


Historical— The bottom-blown basic pneumatic proc- 
ess known by the several names of the Thomas, Thomas- 
Gilclirist or basic Bessemer proce.ss, was patented in 
1870 by Sidney G. Thomas in England. The process 
(never adopted in the United State.s) developed much 
more rapidly on the Continent than in Great Britain 
and, in 1800, Continental production was over 2 million 
ton.s as eomparetl with 400,000 Ions made in Great 
Ih jiain. 

The simultaneous development of the ba.sic open- 
lu'arth process resulted in a decline of production of 
l)y the bottom-blown basic pneumatic pirocess in 
Europe and, by 1004, production of basic open-hearth 
steel there exceeded that of basic pneumatic .steel. E>om 
1010 on, the hot lorn -1)1 own basic pneumatic proc(‘SS de- 
clined continuously until World War TI. 

Foniposillon of Pig Iron for Basic Process — Tlie 
bottom-blown basic pneumatic process requires the u.se 
of a ba.sic lining in the converter, and the use of lime or 
limestone as a slag-making material. The basic slag 
makes the process capable of removing phosphorus 
(and sulphur) from the Vjiast-furnaec iron. Thus, iron 
can be produced from iron ores of lower gr.^dc, using 
lower-grade coke as fuel, than would be permissible in 
production of iron for the acid Bessemer process which 
cannot remove pho.spihorus or sulphur and requires 
irons with a low content of the.se two elements. 

A typical blast-furnace iron for the bottom-blown 
basic pneumatic process contains from 1.4 to 2 0 per cent 
of phosphorus and approximately 0 5 per cent of silicon. 
Iron ore and other raw materials of the type required to 
produce iron of this composition in the blast furnace, or 
to give a molten product of this composition when pig 
iron is melted in the cupola, have been and still are 
available abroad in rather large quantities. 

Since some phosphorus and sulphur are removed in 
the bottom-blown basic pneumatic process, the chemi- 
cal composition and properties of steels produced by 
this method more closely approach the composition 
and properties of ba.sic open-hearth steels of similar 
grade than do comparable steels made by the acid Bes- 
semer process. However, the oxygen content of the 
bottom-blown basic pneumatic steels is generally higher 
and the nitrogen content is definitely higher than that 
of basic open-hearth steel. For these reasons, the prop- 
erties of steels made by the basic Bessemer (Thomas) 


process, while more similar to basic open-hearth .stcel.s 
than are acid Bessemer steels, are .still inadequate fut 
certain applications because of their higher .strength, 
lower ductility and susceptibility to strain aging. 

PRINCIPAL FACILITIES 

The equipment for the bottom-blown basic pneumatic 
process is very similar to that described for the acid 
Bes.semer process in Section 2. Consequently, the fol- 
lowing description will mention largely differences be- 
tween the types of equipment used for the two processes. 
A typical Thomas steel plant has .six 25-ton vessels 
which can produce about 120 tons of steel per hour or 
3000 tons per day. 

Mixer — Hot- metal mixers for the Thomas plants are 
of the same general size and type as those already de- 
scribed in connection with acid Bessemer steel plants. 
Some so-called “active” mixers with regenerators are 
used to keep the iron hotter, and through the addition 
of lime some refining also is carried out prior to charg- 
ing the metal in the converters. Many mixers arc lined 
with magnesite brick rather than with siliceous re- 
fractories. 

Blowing Equipment — There are no marked differ- 
ences in blowing equipment for the bottom-blown ba.sic 
pneumatic process from that already described for the 
acid Bessemer process. The normal air-blast pressure 
in the basic process is 35 pounds per square inch, which 
is somewhat higher than that employed for the acid 
Bessemer process in the United States. 

THE CONVERTER OR VESSEL 

The size of bottom-blown basic converters varies from 
25 tons to 60 tons capacity. The design of vessels is 
similar to that of the acid Bessemer converters used in 
America. A large number of basic vessels are concentric 
rather than eccentric, in relation to the position of the 
opening in the nose. To conserve heat, the nose opening 
in some basic vessels is quite small. Further, the bottom 
design and the lining, of course, are different. Almost 
all of the bottom-blown basic pneumatic converters arc 
lined at present with a mixture of tar and burned dolo- 
mite rammed into place in the vessel. 

Bottom Design— The bottom of the basic converters 
used in most plants contains about 200 holes, each Inch 
in diameter. Separate tuyere brick are not used in 
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these bottoms; instead the holes are formed by ramming 
the refractory bottom material around wooden plugs. 
The bottom is then heated in an intermittent>type oven 
for a period of six days, after which the wooden plugs, 
which have been converted to soft charcoal, are drilled 
out. Bottoms with tangentially inclined holes have been 
tried over a long period but have not been proven to 
have any appreciable effect in improving operations. 

Lining and Bottom Life— The lower part of the lining 
of a bottom-blown basic converter requires replacement 
after about 200 blows, on the average. The remainder of 
the lining, with the exception of the bottom, withstands 
about 400 blows. Bottom life averages about 40 blows. 
Dolomite consumption has been reported as about 22 
pounds per ton of steel produced. 

SEQUENCE OF OPERATIONS 

The steps in making a heat of steel in a bottom- blown 
basic converter vary largely because of recent innova- 
tions and changes introduced in an effort to consistently 
produce steels of low nitrogen content. The general se- 
quence in a typical British plant is as follows: the blast- 
furnace iron is partially desulphurized between the 
blast furnace and the mixer or between the mixer and 
the converter by additions of soda ash. Slag produced by 
the desulphurization operation is carefully skimmed 
off before charging the iron into the converter. With 
the vessel in the horizontal position, the necessary burnt 
lime (averaging 300 pounds per ton of iron) is added by 
an overhead chute. The vessel is then turned down past 
the horizontal position and a weighed molten iron 
charge is added. Blowing is started with a blast pressure 
of 30 pounds per square inch. The time of addition of 
scrap, required to control the temperature of the blow, 
varies with the type of scrap available. With bloom-end 
scrap the addition is made two or three minutes before 
the drop of the flame but, with heavy ingot scrap, the 
addition is made early in the blow to allow for the com- 
plete melting of the scrap. 

The total duration of the blow depends upon time of 
additions and other operating factors. The end point is 
determined by visual inspection of the flame, confinned 
by the blower’s judgment of a fractured sample of steel 
taken from the vessel. After blowing is completed, most 
of the slag is removed by tilting the vessel, following 
which the necessary amount of ferromanganese is added 
to the steel in hot lump form. The residual slag is retained 
in the vessel by the formation of a lime dam in the mouth 
of the vessel while the steel is poured into the ladle 
held underneath the vessel by the casting car. For a 40- 
ton converter, the total duration of blow is 15 to 16 
mii^ptes, including an after blow of 3 to 5 minutes. It 
should be noted that the after blow in the basic process 
is relatively long as compared with the acid Bessemer 
process; this is necessary to accomplish removal of 
phosphorus from the bath. The end point of a basic 
Bessemer blow is very similar to that of the acid Bes- 
semer process, but occurs somewhat earlier in the blow 
because of the lower silicon content of the iron used in 
the basic process which results in a shorter silicon blow. 
A 40-ton vessel has been reported to use about 12,000 
cubic feet of air per ton of steel produced. 

CHEMISTRY OF THE THOMAS PROCESS 

Oxidation Reactions— The major chemical dlRerences 
between the bottom-blown acid and basic pneumatic 
processes lies in the chemical reactions involving re- 
moval of phosphonis (and to some extent, sulphiir) 
from the iron. The effective removal of these elements 
depends almost entirely on slag-metal reactions which 
are almost absent in the acid Bessemer process. Oxida- 


tion of carbon, manganese and silicon occurs in essen- 
tially the same manner as was described for the acid 
Bessemer process. 

The removal of phosphonis from the metal involves 
first its oxidation to phosphoric acid anhydride (P 2 O 5 ) 
which then combines wi^ lime (CaO) in the slag to 
form the chemical compound (4Ca0 Pi06). The removal 
of sulphur depends upon the migration of ferrous sul- 
phide (FeS) into the slag where it reacts with lime 
(CaO) to form calcium sulphide (CaS). 

The removal of both phosphorus and sulphur in the 
basic pneumatic process depends upon the concentra- 
tion of lime in the slag; however, removal of phosphorus 
is favored by a high content of iron oxide in the slag 
and oxygen in the metal, while sulphur removal is 
favored by the reverse conditions. Thus, only a small 
amount of sulphur is removed in the basic pneumatic 
process unless slags with a high lime content are formed. 
Further, because of the nature of the dephosphorization 
reaction, it occurs largely after the removal of the ma- 
jority of the carbon, in the after-blow period. Figure 
14 — 10 illustrates the course of the oxidizing reactions 
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Fig. 14 — 10. Changes in chemical composition of the metal 
in the bath of a bottom-blown basic-lincd pneumatic 
converter during a typical Thomas blow (after Carney) . 

during a typical Thomas blow. As in most basic steel- 
making processes, an undesired reversion of manganese 
and phosphorus from slag to metal is more probable if 
high finishing temperatures are attained. 

Thermal Requirements— In the bottom-blown basic 
pneumatic process, lime is added with the hot metal. 
This added cold material, as well as the greater slag 
volume produced, requires additional heat as compared 
with the acid process. In the basic pneumatic process, 
iron of higher silicon content cannot be used to obtain 
this additional heat, since the more silicon the iron con- 
tains, the more lime will be required to flux the oxidized 
silicon (silica, SiOa) both to prevent the silica from at- 
tacking the lining and to keep the slag basic enough for 
effective phosphorus and sulphur removal The higher 
the silicon content of the iron, the greater will be the 
slag volume produced. Fortimately, in the bottom- 
blown basic converter, a portion of the additional heat 
required is obtained from the oxidation of phosphorus 
in the iron. For this reason, a proper thermal balance 
in the bottom-blown basic converter makes the relative 
percentages of silicon and phosphorus in the iron crit- 
ical. A typical blast-humace iron for use in the Thomas 
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process at present contains 02 to 0.4 per cent silicon, 
0.6 to 1.0 per cent manganese, 1.5 to 2.0 per cent phos- 
phorus and 0.03 to 0.05 per cent sulphur. The phosphoric 
acid anhydride (PiOs) content of the final slag produced 
in bottom-blowing iron of the above composition in a 
basic converter, using 300 pounds of lime per ton of 
steel, is about 16 to 18 per cent, with a slag volume of 
about 20 to 22 per cent. Slags of this composition make 
desirable fertilizers and they are processed and sold for 
this purpose, thus aiding the economics of the process. 

Temperature Control— During a bottom-blown basic 
( onverter blow, the temperature normally rises during 
the oxidation of silicon, remains fairly constant during 
the carbon blow, and rises rapidly during the after blow. 
In some respects control of temperature in the bottom- 
blown basic converter is more important than in the acid 
Bessemer vessel because of the need for effective con- 
trol of phosphorus content of the finished steel. The 
methods used for temperature control during a blow ore 
very similar for both the basic and acid processes. The 
most important factors relating to temperatures in the 
vessel are the as- charged temperature and composition 
of the iron being blown and the blowing time. Common 
methods for controlling temperature during blowing 
are the use of side blowing to increase temperature and 
the use of steam and scrap to decrease temperature. The 
photocell and immersion thermocouples have been used 
with some success in quite a few plants for controlling 
the end point and for accurately recording the final bath 
tomperature. The main reason for this closer control of 
temperature is the concern over residual nitrogen and 
the desire to produce low-nitrogen steels. Residual 
nitrogen contents are markedly affected by the bath 
temperature. 

Deoxidation Reactions — ^There arc no major differ- 
ences in the deoxidation reactions between the bottom- 
blown acid and basic pneumatic processes. A fair num- 
ber of heats produced in the bottom-blown basic con- 
verter in Europe are fully killed. In the United States 
considerable tonnages of killed acid Bessemer steel are 
produced. Deoxidation with aluminum is practiced more 
generally abroad than in the United States. Much of the 
flcoxidation with aluminum in Europe is accomplished 
by ladle additions compared with mold additions in this 
country. 

Nitrogen Control — Since bottom-blown basic pneu- 
matic steels have sulphur and phosphorus contents sim- 
ilar to or slightly higher than those of basic open-hearth 
steels, many attempts have been made to develop prac- 
tices that would make it possible to reduce the nitrogen 
content of these steels to levels approaching that nor- 
mally attained in basic open-hearth steels (0.003 to 0.005 
per cent nitrogen). Some of the factors which influence 
the nitrogen content of the pneumatio steels were cov- 
ered in Section 2 where the acid Bessemer process 
Was discussed. In general, the following items have been 
found to be important in the commercial production of 
low-nitrogen bottom-blown pneumatic steels: 

(a) The blow must be worked at a low temperature. 

(b) A shallow metal bath is desirable to limit time of 
contact between gases and metal. 

(c) High nitrogen content of the blowing gases, espe- 
cially during the latter part of the blow, should be low- 
ered when possible by use of oxygen-enriched air, mix- 
tures of oxygen and steam, mixtures of oxygen and CO 2 , 
or other means. 


(d) Pressure of the blowing gases should be kept as 
low as possible, compatible with reasonable blowing 
time. 

(e) Irregularity in blast-furnace operations is be- 
lieved to promote higher nitrogen content of pig iron, 
which complicates the production of low-nitrogen steels 
in the basic bottom-blown converter. 

The most frequently used methods for producing low- 
nitrogen steels in the basic bottom-blown converter 
have been based upon shortening the after blow and also 
upon cooling the bath at this point. In one method, this 
is accomplished by adding ore or roll scale (up to 2.5 
per cent) a little before the carbon flame drops to effect 
oxidation without the introduction of nitrogen while 
simultaneously cooling the bath. This method may con- 
tribute to difficulties arising from low finishing temper- 
atures that cause ladle-skull formation and pouring 
difficulties due to cold steel. 

A second method obviates some of the pouring difli- 
culties while speeding up the process. Best suited to 50 
to 60- ton converters, this method consists of double - 
blowing the metal. Half of the total iron and all of the 
lime is charged first and blown down to about 0.1 per 
cent of phosphorus. The shallow bath permits high- 
pressure blowing without excessive spitting. The bal- 
ance of the charge is then added and blowing continued, 
again at high pressures made possible by the diluting 
effect of the first-blown metal. The total blowing time 
can be reduced from 16 to 17 minutes to 11 to 12 minutes 
by this method which is said to increase average size of 
charge, increase yield and still produce steel lower in 
phosphorus and nitrogen content than steels produced 
by ordinary blowing. 

A third moans for reducing the nitrogen content of 
Thomas steel involves a modification of the converter so 
that the blast is introduced through the side of the vessel 
at a point intermediate between the bottom of the vessel 
and the level of the bath. The aim of this modification is 
to reduce the length of travel of the blast through the 
bath and thus minimize the time for absorption of nitro- 
gen without sacrificing the other characteristics of bot- 
tom blowing. It has been observed that nitrogen absorp- 
tion in acid surface blowing practices is quite low. Con- 
sequently, it has been hypothesized that the degree of 
nitrogen absorption, other things being equal, would be 
related to the length of travel or time of contact of the 
air blast with the metal. Modification of the Thomas 
converter in this manner does not influence the remain- 
ing operations and the typical course of the refining re- 
mains the same as that shown in Figure 14 — 10, with the 
exception that lower nitrogen values are achieved. 

Considerable quantities of low-nitrogen steel have 
been produced by the basic bottom-blown pneumatic 
process for wire, ship plates, deep-drawing steels, high- 
carbon high-tensile steels, and killed steels for various 
purposes. These products require less deoxidation than 
the material produced by ordinary blowing, and their 
properties are quite similar to basic open-hearth steels 
of comparable grades. 

Control of End Point—The discussion of the control 
of end point in Section 2 dealing with the acid Bes.semer 
process applies equally well to the basic bottom-blown 
process. The spectroscope is used very little in Europe, 
the most common methods of control being visual ob- 
servation of the flame by the blower, the use of fractured 
samples, and the use of the photocell. 
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SECTION 4 

THE SURFACE-SIDE-BLOWN ACID PROCESS 


The side-blown acid pneumatic converter is some- 
times referred to as a surface-blown converter, or as 
the Tropenas converter. The chemical reactions which 
occur in the side-blown acid converter are similar to 
those occurring in the bottom-blown acid converter; 
the major difference is the mechanism by which these 
reactions take place. There have been numerous varia- 
tions of design of converters employing the side- blowing 
technique, but all are characterized by having all of the 
tuyeres above the liquid level of the bath and entering 
through the side of the vessel. 

In bottom-blown converters, the exposure of some of 
the tuyeres above the liquid level by tilting the con- 
verter while blowing increases the temperature inside 
the vessel, as discussed in Section 2. With all of its 
tuyeres above liquid level in normal operating position 
of the vessel, the side-blown acid converter can produce 
much hotter steel from a similar iron charge than can 
the bottom-blown acid converter. Temperatures in ex- 
cess of 3200 “F (1760 ®C) can be attained if desired, 
blowing cupola-melted iron in lots as small as 1000 
pounds. Its ability to process small heats at high tem- 
peratures and at frequent intervals that can keep up 
with pouring- floor schedules makes the side-blown acid 
converter useful to foundries making steel castings. 

The quality of ore, coke and other raw materials re- 
quired to produce iron for the side-blown acid process 
is similar to that required for the bottom-blown acid 
process; however, because additional heat is obtained 
from the oxidation of carbon to carbon monoxide inside 
the vessel, the silicon content of the iron can be some- 
what lower. 

The Converter and Its Auxiliaries — Since most side- 
blown vessels arc used in foundries at present, hot- 
mctal mixers are seldom available to provide a source 
of liquid iron for side-blown acid converters. Mixers, 
when used, are quite small. Generally, the cupola is 
employed to melt solid pigs of iron of the proper com- 
position; the cupola can be tapped frequently to supply 
the side-blown converter with liquid iron as needed. 



Fig. 14—11. Sectional drawing of a typical side-blown acid 
converter. While the cross-section of the interior of the 
type shown is D shaped, many side-blown acid con- 
verters are circular in interior cross-section. 


Side blowing requires lower blast pressures and smaller 
volumes of air than bottom blowing; blast pressures be- 
tween 4 and 10 pounds per square inch are commpn. 

The majority of side-blown acid converters are of 
one-half to two- ton capacity, although a few larger 
vessels have been built. Figure 14 — 11 is a sectional 
drawing of a typical side-blown acid converter. The 
refractories used for lining arc similar to those used in 
bottom-blown converters. 

Sequence of Operations — ^While the chemical reactions 
of the side-blown acid process proceed at a slightly dif- 
ferent rate and in a different manner than those of the 
bottom-blown process, the physical steps in making 
heats by both processes arc quite similar. The end point 
is observed from the drop of the flame. The length of 
the flame is shorter than that for the bottom-blown 
vessel. In the acid processes, the addition of controlled 
amounts of ferrosilicon to the vessel during blowing to 
make available more potential heat units is practiced 
much more frequently in side blowing than in bottom 
blowing. 

Oxidation Reactions — While the chemical reactions 
which occur in the side-blown acid pneumatic process 
are similar to those in the other pneumatic processes, 
the mechanisms by which these reactions take place are 
somewhat different. The elimination of carbon, man- 
ganese and silicon in the side-blown acid process may 
be considered as taking place in three stages: 

(1) The blast of air impinges on the surface of the 
bath of molten iron and immediately forms a layer of 
iron oxide. Some silicon and manganese oxides arc 
formed during this stage, but the initial slag consists 
mainly of iron oxide. 

(2) From the time when the metal is completely cov- 
ered with slag, the oxidation of manganese and silicon 
is accelerated; the reactions are considered to be be- 
tween the slag and the metal and not between air and 
metal as in the bottom-blown converter. During this 
period, there is a rapid rise in temperature of the bath 
because of the exothermic reactions involved. Ferro- 
silicon can be, and is, added before and during the blow, 
these additions being governed by vessel temperature, 
metal composition, and metal temperature. Larger ad- 
ditions of ferrosilicon are made when low-carbon metal 
(2 to 3 per cent carbon) is being blown. The higher 
silicon content of the bath provided by ferrosilicon ad- 
ditions functions as a kindling agent, and during the 
oxidation of silicon the temperature of the bath increases 
to about 2640 *F; at this temperature the silicon content 
of the bath is about 0.6 to 0.7 per cent. 

(3) After the silicon content has been lowered to the 
above figure, the oxidation of carbon increases to a very 
rapid rate and the temperature of the bath increases 
considerably. The oxidation of carbon in the metal by 
FeO or other oxides in the slag produces carbon monox- 
ide, which may burn to carbon dioxide in the presence 
of excess air within the vessel. This represents an essen- 
tial difference between the side-blown and bottom- 
blown processes, insofar as considerably more heat per 
unit of carbon in the bath is generated in side -blown 
practice. 

Toward the end of the carbon-oxidation stage, when 
the bath is attaining its final temperature of 3000 to 
3100 *F, other reactions take place which result in the 
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reduction of SiOi and MnO by carbon. It has been estab- 
lished that, under the above conditions of slag and metal, 
the silicon content of the final metal after the additions 
of deoxidizing agents and alloys is always greater than 
ran be accounted for by the silicon content of the addi- 
tions, thus indicating some reduction of silica in the slag 
to silicon which enters the metal. 

Temperature Control — The methods of temperature 
control used in side blowing are quite similar to those 
already discussed for bottom blowing. Ferrosilicon is 
frequently added to the cupola iron during blowing to 
raise the temperature. Accurate temperature control is 
vital to the production of quality steel, but apparently 
IS not so critical in regard to the final nitrogen content 
of the steel as it is with bottom blowing. Little trouble 
with excess nitrogen absorption in the side- blowing 
process has been reported, even with steel temperatures 
up to 3100 “F. 

Deoxidation Reactions — Deoxidation reactions of side- 
blown acid pneumatic steels are similar to those in fin- 
ishing bottom- blown acid heats. However, since the 
majority of the side-blown steel is used for castings, 
these steels are fully killed, using as much as four 
pounds of aluminum per ton of steel. 
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Nitrogen Control — A major part of the side-blown 
acid steels are produced with a relatively low nitrogen 
content (0.003 to 0.008 per cent). Because of the short 
time of contact of gases and metal, nitrogen control is 
not as dilTicult in side blowing as it is in bottom blowing. 
The use of low finishing temperatures or ore additions 
is not practiced to any great extent. However, some 
work has been done on the use of oxygen and oxygen- 
enriched air for blowing to reduce the nitrogen content 
to even lower levels (0.002 to 0.003 per cent). These latter 
practices are not common at present. 

Control of the End Point — End-point control in the 
side-blown acid pneumatic process is very similar to the 
control exercised in the bottom- blown processes, even 
though the size of the flame is quite diflerent. The end 
point is usually determined visually by the drop of the 
flame. 

Oxygen and Oxygcn-Enrichcd Air for Blast -Recent 
experiments using oxygcn-enrichcd air and 98 to 100 per 
cent oxygen for blowing in the side-blown acid process 
showed that blowing time was shortened and the final 
bath temperature was increased. Blowing losses in- 
creased after the proportion of oxygen in the blast ex- 
ceeded 30 to 35 per cent. 


SECTION 5 


THE OXYGEN-BLOWN BASIC STEELMAKING PROCESSES 


Variations of the pneumatic steelmaking processes 
which employ oxygen of high purity blown onto the 
surface of the bath in a basic-lincd vessel may become 
of increasing importance in the future. Oxygen at high 
or relatively low pressures has been employed, blown 
through the mouth of the vessel vertically or at an angle 
to the surface of the bath. 

One variation is the so-called Linz-Donawitz or L-D 
process, in which oxygen of high purity is blown at high 
velocity onto the surface of the bath in a basic-lined 
vessel by a vertical pipe or lance inserted through the 
mouth of a vessel. The name for this top-blown basic 
process is derived from the towns in Austria where these 
r)ractices have been adopted on a commercial scale. At 
the present time, no commercial production of steel by 
top-blowing in an acid vessel is being conducted al- 
though the principle has been employed for desiliconiz- 
big pig iron to be used in the basic open-hearth process. 
The top-blown basic steclmaking process was developed 
in Austria to employ pig iron produced from local ores 
that are high in manganese and low in phosphorus; such 
iron is not entirely suitable for either the acid or basic 
bottom- blown pneumatic processes. Lack of a sufficient 
supply of scrap in Austria made it desirable to employ 
a steelmaking process requiring large percentages of hot 
metal as the prime source of metallics. Also, the majority 
of the steel produced was intended for applications re- 
quiring steels low in sulphur, phosphorus and nitrogen. 

Mixers and Blowing Equipment — Conventional mixers 
are used in this process. At one plant, two 5()0-ton mixers 
service three 30-ton vessels; at another, one 1000-ton 
mixer services two 30-ton vessels. Since oxygen rather 
than air is used in the top-blown basic process, equip- 
ment capable of supplying high-purity oxygen under 
pressure is used in place of the normal air-blowing 
equipment. Oxygen is normally stored in tanks under a 
pressure of 375 pounds per square inch to allow for the 
intermittent operation of the vessels. 

The Vessel — The design of the top-blown basic vessel 
is the simplest of all steelmaking furnaces. There are 
no tuyeres. Oxygen is supplied by a single water-cooled 
lance with a copper nozzle, suspended vertically so that 


it can be raised and lowered through the mouth of the 
vessel to within the desired distance from the metal 
bath. The vessel itself, shown schematically in Figure 
14—12, is refractory -lined and ladle-shaped with cither 
a concentric or eccentric nose. The bottom of the vessel 
may or may not be detachable; both types are currently 
being used. The lining consists of a single course of 
magnesite brick covered with a rammed layer of tar and 
magnesite. Large bricks made from tar and dolomite 
have also been used. The lining must be almost com- 
pletely replaced after 200 or more heats. Refractory 
consumption has been reported as between 20 and 30 
pounds per ton of steel ingots. The vessels are supported 
on conventional trumiions tliai permit tilting for charg- 
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Fig. 14—12. Types of vessel used when blowing oxygen 
vertically downwards on to the metal through a water- 
cooled lance. 
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ing and pouring. The tops of the vessels have hoods for 
dust collection. 

Sequence of Operations~~A normal practice is to first 
charge scrap and hot metal through the nose of the tilted 
vessel. The vessel is then righted to vertical position 
and the oxygen lance is lowered from above into the 
nose of the vessel and to within 25 to 40 inches of the 
bath. The oxygen is turned on and limestone is charged 
from an overhead chute. Reactions occur immediately. 
During the process, lime and scrap are added as re- 
quired for slag making and temperature control. The 
end point is indicated by the disappearance of the flame 
playing at the mouth of the vessel; the oxygen is 
then turned of! as the lance is being withdrawn. FoL 
lowing this, the vessel is turned down to decant most 
of the slag. More slag is then pulled from the vessel by 
raking, after which a lime dam is formed at the mouth 
of the vessel to hold back the remaining slag when 
the steel is poured into a ladle. Blowing time in the 
vessels is 20 to 22 minutes with an oxygen input of 2500 
cubic feet per minute at 130 pounds per square inch of 
pressure. Oxygen consumption is 2000 cubic feet per 
net ton of ingots. The time from charge to charge is 
between 30 to 35 minutes, including time for charging, 
changing pipes, steel sampling and testing. Figtire 14 — 13 
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Fig. 14—13, Progress of refining in a top- blown, basic- 

lined vessel (after Roesner). 

shows the progress of refining in a 5- ton experimental 
top-blown vessel. 

Temperature Control— A major problem in the top- 
blown basic process is one of decreasing rather than in- 
creasing the temperature. This probably is associated 
with the use of oxygen rather than air for blowing. The 
principal method used for temperature control is regula- 
tion of the quantity and timing of scrap additions. Air 
or steam has not been used to any extent for cooling of 
the bath. 

Deoxidation Reactions — It has been mentioned pre- 
viously that, for most pneumatic steels produced, ferro- 
manganese is commonly used for deoxidation. Since 
Austrian iron blown in the top-blown basic process is 
very high in manganese content (1.6 to 2.5 per cent), the 
use of manganese additions to the ladle is frequently 
unnecessary. Further, it has generally been observed 
that the iron and iron oxide content of the basic slag 
from the top-blown vessel is lower than that obtained 
in other pneumatic processes. In these cases, the major 
control of deoxidation may be exercised by control of 
the final bath temperature. 

Nitrogen and End-Point Control— No special means 
of controlling the nitrogen content of top-blown basic 
steels are necessary since the final steels produced con- 
tain from 0.002 to 0.004 per cant of nitrogen. 


The end point is controlled visually by the drop of 
the flame at the mouth of the vessel at the end of the 
carbon blow. 

The quality of the steels produced by the top-blown 
basic process is claimed to be equivalent to basic open- 
hearth steels of the same chemical composition. 
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Chapter 15 

THE OPEN-HEARTH PROCESSES 


SECTION 1 

SOME GENERAL FEATURES OF THE SIEMENS PROCESS 


Early History of the Process — ^The phenomenal suc- 
cess of the Bessemer process, coupled with the ever- 
increasing demand for steel, attracted many other in- 
ventors to the study of new and improved methods of 
stcelmaking. Of all the methods which received atten- 
tion, the only process which was destined to become 
a rival of the pneumatic process was developed through 
the invention of the regenerative principle by Karl 
Wilhelm Siemens who, although German-born, was a 
naturalized British citizen. 

Siemens’ early work with the regenerative principle 
ds applied to steam engines showed that a very great 
saving of fuel and very high temperatures could be 
obtained by its use and, at the suggestion of his brother, 
Frederick, he turned his attention to the application of 
the principle for producing high temperatures in fur- 
naces. The first experimental furnace was built in 1858, 
when it was discovered that, especially with large fur- 
naces using solid fuel, many difficulties were to be 
overcome if the full efficiency which the principle 
promised was to be realized. 

After two years or more of experimentation, Siemens 
fell upon the plan of gasifying the fuel prior to burning 
it in the furnace, whereby he found that most of the 
difficulties could be overcome. Thus, a correlative de- 
velopment of the regenerative furnace was the gas pro- 
ducer. Siemens’ patent covering the successful furnace 
(l(‘sign specifically mentioned the possibility of using the 
furnace for the production of steel. An early design of a 
Siemens steelmaking furnace, with gas producer, is 
shown schematically in Figure 15 —2. 

In the ferrous industry, some of the early uses 
Siemens made of the furnace were for puddling, reheat- 
ing iron and steel for iorging and rolling, and for melt- 
ing crucible steel. Siemens next turned his attention to 
the manufacture of steel in his furnace and, though 
many trials were made at different works, he met with 
only indifferent success. Finally, like Bessemer, he 
found it necessary to erect a .steel works of his own. 
These works were located in Birmingham, England, and 
were employed at first in a remclting process by which 
steel of the best quality was obtained from processing 
such scrap as old rails, plates, and so on. 

In the meantime, Siemens was busy developing the 
idea that steel could be made from pig iron by oxidizing 
the carbon content of the latter with iron ore and, by 
the year 1868, proved that this method, which came to 
he known as the pig and ore process, could be employed 
successfully. He next turned his attention to evolving 
a method whereby steel could be produced directly from 
the ore, thus dispensing with the blast furnace. In this 
feat he actually succeeded, but the cost of production 
was many times that of producing steel from pig iron. 
Subsequent events have proved that it is more practical 


and economical to employ the blast furnace for the 
primary reduction of the iron ore to pig iron, and from 
this to make steel in the furnace which has been evolved 
from Siemens’ original designs. 

Principles of Siemens* Pig and Ore Process— Briefly, 
the method of Siemens was as follows: A rectangular 
covered hearth was used to contain the charge of pig 
iron or pig iron and scrap (see Figure 15--2). Most of 
the heat required to promote the chemical reactions 
necessary for purification of the charge was provided 
by passing burning fuel gas over the top of the ma- 
terials. The fuel gas, with a quantity of air more tlian 
sufficient to bum it, was introduced through ports at 
each end of the furnace, alternately at one end and 
then the other. The products of combustion passed out 
of the port temporarily not used for entrance of gas and 
air, and entered chambers partly filled with brick 
checkerwork. This checkerwork, commonly called 
checkers, provided a multitude of passageways for the 
exit of the gases to the stack. During their passage 
through the checkers, the gases gave up a large part of 
their heat to the brickwork. After a short time, the gas 
and air were shut off at the one end and introduced into 
the furnace through the preheated checkers, absorbing 
some of the heat stored in these checkers. The gas and 
air were thus preheated to a somewhat elevated tem- 
perature, and consequently developed a higher tempera- 
ture in combustion than could be obtained without 
preheating. In about twenty minutes, the flow of the gas 
and air was again reversed so that they entered the 
furnace through the checkers and port used first; and 
a series of such reversals, occurring every fifteen or 
twenty minutes, was continued until the heat was 
finished. The elements in the bath which were oxidized 
both by the oxygen of the air in the furnace atmosphere 
and that contained in the iron ore fed to the bath, were 
carbon, silicon and manganese, all three of which could 
be reduced to as low a limit as was possible in the 
Bessemer process. 

Thus, as in all other processes for purifying pig iron, 
the basic principle of the Siemens process was that of 
oxidation. However, in other respects, it was unlike any 
other process. True, it resembled the puddling process 
in both the method and the agencies employed, but the 
high temperatures attainable in the Siemens furnace 
made it possible to keep the final product molten and 
free of entrapped slag. The same primary result was 
obtained as in the Bessemer process, but by a different 
method and through different agencies, both of which 
imparted to steel made by the new process properties 
somewhat different from Bessemer steel, and gave the 
process itself certain metallurgical advantages over 
the older pneumatic process. These advantages will be 
discussed later in this section. 


287 



288 


THE MAKING, SHAPING AND TREATING OF STEEL 



in this design, the furnace proper was supported on the regenerator arches. Flow of gas, air and waste gases were 
reversed by reversing the position of the two reversing valves. The inset at the upper left compares Uie sizes of 
one of these early furnaces with a modern 200-ton open hearth. 


Mechanical Changes and Improvements in the Sie- 
mens Process — As would be expected, many variations 
of the process, both mechanical and metallurgical, have 
been worked out since its original conception. Along 
mechanical lines, various improvements in the design, 
the size, and the arrangement of the parts of the furnace 
have been made. Originally, the furnaces had a capacity 
of only four or five tons, but now the size ranges gen- 
erally from 100 to 150 tons, though in isolated cases as 
low as 40 tons or as high as 600 tons. 

The early development of the Siemens steelmaking 
process was retarded by the lack of refractory materials 
capable of withstanding the high temperatures and the 
chemical reactions of the process. Even in today’s ad- 
vanced stage of development of the process, it is recog- 
nized that additional production and improved steel 
quality may be possible of attainment if new or im- 
proved refractories eventually make feasible a sustained 
operation at higher temperatures. 

The Siemens process now is known more generally, 
at least in this country, as the open-hearth process. The 
name “open hearth” was derived, probably, from the 
fact that the steel, while melted on a hearth under a roof, 
was accessible through the furnace doors for inspection, 
sampling, and testing. 

Metallurgical Improvements— The hearth of Siemens* 
furnace was of acid brick construction, on top of which 
the bottom was made up of sand — essentially as in the 
acid process of today. Later, to permit the charging of 
limestone and use of a basic slag for removal of phos- 
phorus, the hearth was constructed with a lining of 


magnesite brick, covered with a layer of burned dolo- 
mite or magnesite, replacing the siliceous bottom of the 
acid furnace. These furnaces, therefore, were designated 
as basic furnaces, and the process carried out in them 
was called the basic process. 

The pig and scrap process was originated by the 
Marlin brothers, in France, who, by substituting scrap 
for the ore in Siemens’ pig and ore process, found it 
possible to dilute the charge with steel scrap to such an 
extent that less oxidation was necessary. Since the time 
of the Martins, those processes have undergone various 
modifications, chief of which are those known as the 
Talbot, the Campbell, the Bertrand -Thiel, and the 
Monell processes. These latter processes have become 
obsolete, and they did little to determine modern prac- 
tice, except that Talbot and Campbell did exert an in- 
fluence which still is reflected in tilting-furnace prac- 
tice, as discussed in Chapter 17. 

Advantages of the Siemens Process— The advantages 
offered by the Siemens process may be summarized 
briefly as follows: (1) By the use of iron ore as an 
oxidizing agent and by the external application of 
heat, the temperature of the bath is made independent 
of the purifying reactions, and the elimination of im- 
purities can be made to take place gradually, so that 
both the temperature and composition of the bath are 
under much better control than in the Bessemer 
process. (2) For the same reasons, a greater variety of 
raw materials can be used (particularly scrap, not 
greatly consumable in the Bessemer converter) and a 
greater variety of products may be made by the open- 
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hearth process than by the Bessemer process. (3) A 
very important advantage is the increased yield of 
finished steel from a given quantity of pig iron as com- 
pared to the Bessemer process, because of lower in- 
herent sources of iron loss in the former, as well as be- 
( ause of recovery of the iron content of the ore used for 
oxidation in the open hearth. (4) Finally, with the de- 
velopment of the basic open-hearth process, the greatest 
advantage of the Siemens over the aeid Bessemer 
process was made apparent, since the basic open-hearth 
j^rocess is capable of eliminating phosphorus from the 
hath. While this element can be removed also in the 
basic Bessemer (Thomas-Gilchrist) process, it is to be 
noted that, due to the different temperature conditions, 
pliosphorus is eliminated before the carbon in the basic 
i)pon-hearth process, whereas the major proportion of 
the phosphorus is not oxidized in the basic Bessemer 
])rocoss until after the carbon, in the period termed the 
afterblow. Hence, while the basic Bessemer process re- 
quires a pig iron with a phosphorus content of 2.00 per 
cent or more in order to maintain the temperature high 
enough for the afterblow, the basic opcn-hearlh process 
permits the economical use of iron of any phosphorus 
content up to 1.00 per cent. In the United States, this fact 
lb of importance since it makes available immense iron 
ore deposits which could not be utilized otherwise be- 
cause of their phosphorus content, which is too high to 
permit their use in the acid Bessemer or acid open- 
}j earth processes and too low for use in the basic Bes- 
semer process. For this reason, the basic open-hearth 
process has become the leading steelmaking method in 
thi.s country. 

The Open-IIcarlh Process in the United Stales — As 
e arly as 1868, a small open-hearth furnace was built at 
Trenton, New Jersey, but satisfactory .steel at a reason- 
able cost did not result and the furnace was abandoned. 
Later, at Boston, Ma.ssachusetts, a successful furnace 
was designed and operated, beginning in 1870. Follow- 
ing this success, similar furnaces were built at Nashua, 
New Hampshire, and in Pittsburgh, Pennsylvania, the 
latter by Singer, Nimick and Company, in 1871. The 
Otis Iron and Steel Company constructed two 7-ton 
furnaces at their Lakeside plant in 1874. Two 15-ton 
furnaces were added to this plant in 1878, two more of 
the .same size in 1881, and two more in 1887. All of these 
furnaces had acid linings, using a sand bottom for the 
heal ths. 

A furnace with a basic bottom, rammed from Austrian 
magnesite, produced basic steel at the Otis plant in 
January, 188G. Production rate on the basic furnace 
was so low compared to that normally achieved with an 
acid bottom that the basic bottom was tom out after 
four months, and replaced by an acid bottom. Following 
the Otis installations, the following companies also in- 
.stalled open-hearth furnaces: The Cleveland Rolling 
Mills (now part of the American Steel and Wire Divi- 
sion of United States Steel Corporation) ; The Pennsyl- 
vania Steel Company (later Bethlehem Steel Com- 
pany); the Schoenberger Works (now dismantled, but 


formerly part of the American Steel and Wire Division) ; 
and Carnegie. Phipps and Company (now Homestead 
District Works of United States Steel Corporation), 

It was in the last-named plant that the commercial 
production of steel by the basic process was achieved 
first, the initial heat being tapped March 28, 1888. By 
the close of 1890, there were 16 basic open-hearth fur- 
naces operating. From 1890 to 1900, magnesite for the 
bottom began to be imported regularly and the manu- 
facture of silica refractories for the roof was begun in 
American plants. For these last two reasons, the con- 
struction of basic furnaces advanced rapidly and, by 
1900, furnaces larger than 50 tons were being planned. 

While the Bessemer process could produce steel at a 
possibly lower cost above the cost of materials, it was 
restricted to ores of a limited phosphorus content and 
its use of scrap was also limited. The open hearth was 
not subject to these restrictions, so that the annual pro- 
duction of steel by the open-hearth process increased 
rapidly, and, in 1908, passed the total tonnage produced 
yearly by the Bessemer process. Total annual produc- 
tion of Bessemer steel has decreased rather ste.ndily 
since 1908. The main reasons were the flexibility of the 
open-hearth process, with respect to its ability to pro- 
duce steels of many compositions, and its ability to use 
a large proportion of steel or iron scrap, if necessary. 

In 1953, approximately 89.5 per cent of tlie steel pro- 
duced in the United States came from the ba.sic open 
hearth, with about 3.5 per cent from the acid Bessemer, 
and 6.5 per cent from the electric furnace. The pre- 
ponderance in favor of the basic process for production 
of steel for ingots is based on the ability of this process 
to remove phosphorus (and some sulphur) while the 
acid process is limited to removal of carbon, silicon, and 
manganese and must use carefully selected raw ma- 
terials that contain less than specified amounts of phos- 
phorus and sulphur. 

At the beginning of 1954, the steelmaking capacity of 
the United States was divided between the various 
processes as follows: 


Capacity 
(Net Tons 

Process Per Year) 

Basic open hearth 108,279,490 

Acid open hearth 815,240 

Total open-hearth capacity 109,094,730 

Bessemer 4,787,000 

Electric furnace* 10,448,680 

Grand Total 124,330,410 


These figures demonstrate the dominance of the basic 
open-hearth furnace as the preferred source of large 
tonnages of quality steel. Table 14 — I in the chapter on 
“The Pneumatic Steelmaking Processes” shows the pro- 
duction of steel ingots by various processes over an ex- 
tended period. 

• Includes 40 tons of steel manufactured by the crucible 
process. 


SECTION 2 

BASIC OPEN-HEARTH PLANT LAYOUT 


Because of their greater extent and complexity as 
compared with acid open-hearth steelmaking plants, 
only the arrangement of large, modem, basic open- 
hearth plants engaged in the production of steel ingots 
will be considered here. 

Layout of the Main Furnace Building — Open-hearth 
furnaces are housed in large, steel buildings, designed 


and arranged to facilitate the charging of the furnaces, 
the making of the heats, and handling of the finished 
molten steel. 

The furnaces are installed in a long, straight row, 
approximately along the centerline of the main furnace 
building, with the same distance between the ends of 
adjacent furnaces (Figure 15 — 3). Space may be left at 
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Fio. 15—3. General view of the charging side of a group of modem furnaces, showing charging machine in left 
background. 


either end of the line of furnaces for storage or other 
purposes. It is preferred by most designers that not 
over 12 furnaces be placed in one row. Between each 
pair of furnaces is a vertical, composite steel column 
which performs two functions (Figure 15 — 4) . The tall 
central section of each column rises to a height sufficient 
to support the main roof truss above it. On opposite 
sides of this section are two shorter, heavy steel sections 
that each support one of the tracks of the two electric 
overhead traveling crane runways that extend the 
length of the building. The other track of each of the 
two rimways is supported by columns at the two sides 
of the building. The distance between these columns 
may be from 75 to 117 feet, depending upon the length 
of the furnaces. The longitudinal centerline of the fur- 
naces is parallel to the line of the columns between 
them, but several feet in front, so that the bridge of 
the charging-floor crane extends over most of the top 
of each furnace when positioned over it. This permits 


the crane hoist to be operated directly over the furnace 
when occasion demands. 

That part of the floor area in front of the row of 
furnaces is called the charging floor and, in modern 
shops, it is elevated about 22 feet above the general yard 
level of the plant as shown in Figure 15 — 5. The part of 
the furnace building above the charging floor is 75 to 
85 feet wide. Shops with this arrangement are desig- 
nated as two- level shops, to distinguish them from 
plants of older design in which the charging floor was 
at general yard level. 

The remainder of the floor space of the building, lo- 
cated on the tapping side of the furnace, is called the 
pouring floor or pit side, and is at general yard level. 

Charging Side — On the charging side of the furnaces 
and close to them is laid a broad-gage track on which 
operate the locomotives (usually Diesel in modern 
plants) that move the buggies which carry the charg- 
ing boxes loaded with the scrap and other solid ma- 



9^. 15— 4, Arrangttment of tho oolumna supporting the roof trusses and crane runways 
of a modem open-hearth furnace building. 
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Fig. 15 — 6. Typical charg- 
ing machine in position 
before an open door of 
an open-hearth furnace, 
with a charging box en- 
gaged by the peel and 
ready to be moved into 
the furnace and dumped 
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terials to be charged into the furnaces. Parallel to this 
track on the charging floor is a special track of very 
wide gage on which operate the charging machines, 
illustrated in Figure 15~~6. These electrically operated 
machines are equipped to pick up the charging boxes 
(which have a capacity up to 50 cubic feet) one at a 
time, from tlie buggies in position before the doors of 
a furnace, thrust the boxes through an open door into 
the furnace and turn them to dump their contents on 
the hearth; following this, the boxes are withdrawn 
from the furnace and replaced on the buggies (Figures 
15 —7 and 15 — 8) . The empty boxes then are hauled 
away and refilled in preparation for the next charge. 
Two to four charging machines of 10 to 15 tons capacity 
may be provided. 

Electric overhead traveling cranes operating on the 
crane runway over the charging floor are known as 
charging floor cranes. They have a main hoist designed 
with capacity for handling ladles of molten iron from 
the mixer to be charged by pouring into the open- 
hearth furnaces, and also have an auxiliary hoist for 
miscellaneous work on the charging side. The main 
hoist capacity ranges from 100 to 150 tons and the 
auxiliary hoist capacity may approach 40 tons. 

A mixer serves the dual purpose of (1) having a 
supply of molten pig iron available whenever needed 
for charging, and (2) mixing successive “casts” or lots 
of iron from blast furnaces, so that possible irregularities 
in the iron are smoothed out or compensated. A hot- 
metal building or mixer building usually is located at 
one end of the charging floor. This arrangement permits 
the transfer of molten pig iron (in ladles) from the 
metal mixer by electric overhead traveling crane or, 
better, by an electric ladle car running on a separate 
track laid on the charging floor. In the latter case, the 
cranes are employed to dump the ladles in charging the 
molten iron into a furnace. Hot metal mixers have 
been built with capacities up to 1500 tons. In plants of 
recent design, the holding capacity has been divided 
between two mixers, each of 800 tons capacity. 


Hot-metal mixers generally are barrel-shaped, con- 
structed of steel plate and lined with suitable refrac- 
tories. The steel shell of the mixer is mounted on 
rocker-shaped castings which rest on rollers so that 
the mixer can be tilted by an electric-motor drive to 
pour off the desired amount of metal into a transfer 
ladle for transport to the open hearth furnaces (see 
Figure 15—9). 

Mixers have been lined with natural siliceous rock 
(high silica content) or dense fireclay refractories. 
While these types of linings still predominate, more 
difficult service conditions have led in recent years to 
trials of superior refractories such as the super-duty 
fireclay and high-alumina types. 

The stockyard where scrap and other solid materials 
are loaded and the lean- to aisle where loaded charging 
boxes on cars are stored while awaiting charging will 
be described later. 

Pouring Floor or Pit Side — ^The pouring floor, or pit 
side, of the furnace building extends along the tapping 
side of the furnaces. It is usually about 70 to 80 feet 
wide and as long as the charging floor, but at general 
yard level. The pouring platforms are situated along 
the inside of the wall of the building, opposite to the 
back or tapping side of the furnaces. Two to four such 
platforms are installed, at a height convenient to the 
tops of the ingot molds standing on mold cars ready for 
filling (Figure 15—10) . 

Facilities for relining and drying ladles are installed 
on the pouring side, and equipment for preparing 
stopper rods is accessible to or from this area, as are 
grinding and mixing facilities for preparing plastic re- 
fractory mixes. The pouring side may be longer than 
the charging floor if pits needed for pouring very large 
ingots are required. 

Jib- type cranes of 516 to 7 tons capacity are installed 
on the tapping side of each furnace to handle such 
items as furnace tapping spouts. 

Stock Yard — ^The stock yard where scrap and other 
solid materials are received and loaded should be lo- 
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Fic. 15 — 7. Sequence of operations of a charging machine. 

cated as conveniently with respect to the charging floor 
as possible. Stock yards in most modern plants are lo- 
cated parallel to the charging floor, and on that side of 
(he furnaces beyond the furnace stacks. The stock yards 
are 70 to 100 feet wide, almo.st as long as the main or 
furnace building, and preferably are roofed in. Three 
or four electric overhead traveling cranes of 10 to 15 
tons capacity and equipped with lifting magnets usually 
arc required to handle the raw materials. It is preferable 
to have two levels under the crane runway. The upper, 
at charging floor level, may have two or throe standard- 
gage tracks on which charging buggies are loaded; the 
lower or general yard level may have one standard-gage 
track where melting stock and furnace materials are 
received and where some scrap may be stocked (Figure 
15 ' — 5 ) , 

Lcan-to — Between the stock yard and the charging 
floor is the lean-to (Figure 15 — 5) . This may be as much 
as 60 feet wide, and usually is not equipped with cranes. 
The main floor of the lean-to is at charging floor level, 
and carries tracks on which the charging cars or buggies 
carrying loaded charging boxes from the stock yard 
are stored \mtil needed at the furnaces. Hie furnace 
stacks usually pass upward through the lean-to. In the 


spaces between columns at the sides of the main floor 
of the lean-to, enclosures may be built to house furnace 
consol equipment, laboratories, locker rooms, weighing 
equipment, bins for various ferroalloys, and so on. 

Beneath the main floor of the lean-to and at general 
yard level (Figure 15-5) are installed the waste-heat 
boilers and the fans that regulate the flow of combustion 
air to the furnaces. This area usually is equipped with 
standard-gage tracks. 

Trackage— There should be suflicient trackage, inter- 
linked with cross-overs, from the stock yard to the 
charging floor to prevent interference in the move- 
ment of charging boxes on cars atid their placement be- 
fore the proper furnace at whatever time they are 
needed. It is preferable to use standard-gage track 
throughout tliis portion of the plant. Tliis permits the 
use of a charging car of greater width that can accom- 
modate larger charging boxes than when using narrow- 
gage track, and this facilitates the charging of scrap and 
other solid materials. Another advantage is that direct 
loading in and out of standard-gage railroad cars in 
all parts of the plant is feasible when standard-gage 
tracks arc available. 

Mold Yard — The mold yard is housed in a building 
located as conveniently as possible with respect to the 
pouring platforms. In it are facilities for cleaning and 
coating molds and replacing them on the mold cars. 


PI'Fl or CHARGING MACHINE 




Pig. 15—8. Sketch showing one method by which the head 
of a charging machine peel is temporarily locked onto 
the end of a charging box to permit the box to be turned 
upside down for dumping its contents onto the bottom of 
an open-hearth furnace. 
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Fig. 15—9. Two identical 
hot>metal mixers, each 
of 800 tons capacity, 
installed in a sepa- 
rate mixer building at 
one end of the charging 
floor of an open-hearth 
furnace building. The 
mixers rotate counter- 
clockwise to pour 
molten pig iron into the 
transfer ladle shown. 


For modem plants, it is 70 to 100 feet wide and some- 
what shorter than the main furnace building. The mold 
cars are handled in sets called drags, and for these the 
tracks are usually paralleled by a platform from which 
the molds may be inspected and cleaned and the hot 
tops adjusted. Mold-storage space must be provided, 
and all facilities are served by two or three electric 
overhead traveling cranes of 25 to 60 tons capacity. 
Where the mold yard parallels the main building, a 
lean-to from the mold yard to the main building pro- 
vides a desirable cover over the tracks over which mold 


cars are transported or on which they are stored ready 
for placement at the pouring platforms. 

Miscellaneous Facilities — Other buildings making up 
the complete open-hearth plant are the slag yard where 
slag is broken to proper size and steel scrap recovered 
from it, the scrap drop where steel scrap is broken or 
btimed with cutting torches into desired sizes, and a 
stripper building which, in best practice, may be lo- 
cated adjacent to the building where ingots are heated 
in soaking pits for rolling. After the ingots have solid- 
ified in the molds, having been held at the pouring plat- 
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Fig. 15 — 10. By manipu- 
lating the lever, the 
pourer opens and closes 
the nozzle of tire ladle 
to control the flow of 
molten steel from the 
ladle to the molds. The 
operation shown is 
called “teeming” or 
“pouring.” 
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forms for periods determined by metallurgical ex- 
perience, the drag of molds with their contained ingots 
are drawn by motive power to the strippers which usu- 
ally are special electric overhead traveling cranes. 
With big-end-down molds, the stripper lifts the mold 
from the ingot car while a plunger forces the ingot 
down against the ingot stool on the mold car (Figure 


15 — 11). Molds after lifting from the ingots are trans- 
ferred by the stripper to a parallel drag of cars. With 
big-end-up molds, it is necessary to pull or push ih^> 
ingot up and out of the mold while the latter is hehi 
against the stool and car (Figure 15 — ^11). Modem 
stripper cranes, rated at 200 to 250 tons capacity, usually 
are designed to handle either type of molds. 


SECTION 3 

FURNACE CONSTRUCTION 


Description — In order to avoid repetition, the follow- 
ing description of the open-hearth furnace is made to 
serve for both basic and acid furnaces. They are similar 
with respect to form and arrangement of their parts, 
the chief difference being in the kind of materials used 
in constructing their hearths or bottoms in which the 
metal is refined. The present development of the use 
of basic materials has introduced basic brick into cer- 
tain sections of the basic open-hearth furnace structure 
which may not be permissible in furnaces operating on 
the acid open-hearth process, because basic material 
introduced by erosion or spalling into the acid open- 
hearth slag would interfere with the close control of 
the acid process. 

Since, in this country at least, from the standpoint 
of the number of furnaces and annual production of 
steel, the basic process is the more important, the 
description which follows is based on the basic furnace, 
and only such parts of acid furnaces as require differ- 
ent materials for their construction arc described. How- 
ever, it should be emphasized that even basic furnaces 
at present differ as to details of construction, principally 
because of the different fuels used. The number of the 
various furnaces and the range of capacities are given 
in Table 15 — I. 

Paris of the Opcn-IIcarth Furnace and Their Ar- 
rangement — The open-hearth furnace is both rever- 
beratory and regenerative. It is reverberatory in that 
the charge is melted on a refractory hearth, which is 


shallow in relationship to the length of the hearth, by 
a flame passing over the charge so that both the charge 
and the relatively low (above the hearth) roof, built of 
refractory brick, are heated by the flame, with a part 
of the heating effect on the charge accomplished by 
radiation from the heated roof. Radiation from the 
flame is an effect the intensity of which varies with the 
kind of fuel used and the method by which it is burned 

Open-hearth furnaces are regenerative in that the hot 
gases (from the combustion of fuel) pass out of the 
reverberatory furnace chamber through passages into 
chambers known as regenerative chambers containing 
fire brick. These brick are so arranged as to give a large 
surface contact with the hot gases, which give up part 
of their heat to the brick. Tlie direction of gas flow is 
reversed periodically, and the cold incoming air for 
combustion (and the fuel gas, if necessary) is pre- 
heated in the regenerative chambers so as to increase 
the temperature of the flame by a very considerable 
amount above that which could bo obtained by burning 
the same fuel without pre-heating the combustion air 
(see Figure 15 — 12) . 

The parts of the open-hearth furnace and their ar- 
rangement are shown in Figures 15—13, 15 — 14, 15 --15 
and 15 — 16. From these illustrations, it will be observed 
that an open-hearth furnace consists of tlie furnace 
proper, containing the covered hearth on which the 
charge is placed; ports for admitting the fuel and air 
for combustion to produce a flame which flows over 


Table 15—1. Open-Hearth Furnaces in the United States 
(As of January 1, 1954) 
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Fic. 15 — 12. These diagrams show the function of the checkers in preheating air for combustion in regenerative 
furnaces. Fuel is admitted to the furnace at the same end as Uie preheated air for each cycle. 


the charge from the incoming port to the outgoing port; 
regenerative chambers containing brick known as tlie 
checker-work, or checkers, which store up heat trans- 
ferred to them from the products of combustion, and 
subsequently impart a largo part of tliis stored -up heat 
to the fuel (when the fuel gas is preheated) and to the 
air for combustion; fantail flues and uptakes connecting 
tlie regenerative or checker chambers with the furnace 





Fig. 15—13. Sectioned schematic plan (not to scale) of the 
arrangement of a liquid-fuel fired open-hearth furnace, 
showing location and names of principal parts (see also 
Figures lS-14, 15-15 and 15-16). 


proper; slag pockets which are located at the base of 
the uptakes; flues leading from the air supply (and the 
gas supply, if producer gas is used) to the regenerative 
chambers, with connections to the stack and to the 
waste- heat boiler (when the latter is installed); valves 
or dampers (Figure 15 — 16) for regulating flow of air, 
fuel ga.s and waste gases; and the stack itself. 

The furnace proper is located with respect to the level 
of the charging floor so that it can be charged easily. 
It rests on steel bed beams which are supported, in 
modern practice, on steel columns which are bricked in 
for protection from the heated atmosphere and from 
molten slag or metal. 

The slag pockets, regenerator chambers, flues and 
valves are located on a lower level in an area known 


aiain roof 



Fig. 15 — 14. Vertical section across the width of an 
open-hearth furnace, not to scale, corresponding 
to Section B-B of Figure 15 — 13, indicating names 
and relative locations of principal parts. 



Fig. 15—15. Diagrammatic vertical section (not to scale) 
along the length of a liquid-fuel fired open-hearth fur- 
nace, corresponding to Section A-A of Figure IS— 13, 
giving nomenclature of major parts. 



298 


THE MAKING, SHAPING AND TREATING OF STEEL 


Fig. 15 — 16. This diagram illustrates the principal parts of 
an open-hearth furnace, sectioned to show as much as 
possible of the interior. The heavy curved arrows in- 
dicate the direction of the flow of preheated air, flame, 
and waste gases when a liquid fuel is fired through a 
burner in the trench at the right end of the furnace. The 
five doors shown are in the front wall of the furnace, and 
the checker chambers extend under the charging floor, 
which is not shown. When reversal of firing takes place, 
the function of the uptake is reversed, and it becomes the 
downtake. (See also Figures 1!>— 13, 15—14, IS— 15 and 
IS— 17 for some additional details of construction.) 
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as the cellar, the general ground level of which is, in 
modem plants, twenty-two feet below the charging- 
floor level. The base of the stack is set on an approxi- 
mate level with the bottom of the regenerator chambers. 

The Furnace Proper — This is a rectangular brick 
structure, supported on the sides and ends by steel 
backstays in the form of steel beams, channels, or (for 
the walls on the front and back of the hearth) slabs, 
bound together at their tops, both longitudinally and 
crosswise above the furnace chamber and ports, by 
steel struts and tie rods. The buckstays rise vertically 
from their place of attachment to the steel bed under 
the furnace hearth, except those supporting the back 
waU. The back wall buckstays rise vertically from the 
steel bed to approximately the level of the furnace door 
sill level, then follow the sloping back-wall contour to 
approximately the top of the back wall, when they 
again become vertical. 

The Basic Hearth — ^The hearth (Figure 15—17) covers 
that part of the furnace below the charging door sill 


level, including the bottom and the banks. Older fur- 
naces have “solid” bottoms resting on concrete founda- 
tions. Such construction would not be duplicated with 
present standards of construction. Modem furnace.s 
have “pan” bottoms of closely spaced steel beams 
covered with steel plates and, thus, the spaces between 
the beams under tfie bottom are open to the atmos- 
phere. Wide variations are fotmd in bottom composition 
and thickness, the latter varying from 15 to 44 inches 
in different furnaces and varying with the hearth 
capacity. On the steel bottom plate, the usual practice is 
to place 1 to 3 inches of insulating concrete or insu- 
lating brick, although this may be omitted in the area 
around the tap hole. Fireclay brick next are laid to a 
depth of 5 to 12 inches. Over the fireclay brick, from 
4*/^ to 18 inches of basic brick, such as burned chrome 
brick (used to the greatest extent), burned magnesite, 
or burned or imbumed chrome-magnesite brick are 
laid. Both the fireclay and the basic brick courses may 
be laid in increasing vertical thicknesses from the flat 
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Fig. 15^-17. Vertical cross- 
section of a modern 
open-heartli furnace 
through the tap-hole, 
indicating materials of 
construction of the vari- 
ous parts. Buckstays 
and otlicr binding cle- 
nu'nts arc not shoAvn. 


centerline section to the banks and hearth ends. From 
Ok* contour established by the hearth brick construc- 
tion, the completion of the bottom may proceed accord- 
ing to any of the following general methods: 

1. Burned -In Grain Magnesite Bottoms. This is the 
earliest type of open-hearth furnace basic bottom used 
after magnesite became available in this country, and 
was the most commonly used until recent years. After 
raising the temperature of the furnace chamber to 2900® 
to 3000® F and maintaining this temperature for 16 to 
24 hours, dead-burned grain magnesite, intimately 
niixed with 8 to 20 per cent of ground basic open- 
hearth slag, is burned in, or sintered, layer by layer, 
starting with the upper surface of the basic brick 
courses mentioned above. The layers are about an 
inch in thickness, and require about 2 to 3 hours of 
heating to sinter each one at temperatures between 
2900“ and 3000° F. Thus, the bottom is built up gradu- 
ally to the desired thickness and contour. The final 
contour must provide for proper drainage of steel and 
slag from the furnace through the tap hole. 

During tlie burning-in process, the slag content of 
tlie bottom-making material may be decreased as the 
total burned-in layer increases in thickness. When the 
hearth contour is of the proper shape and elevation, the 
bottom is ‘‘slagged”; in this step the banks of the hearth 
are dusted with ground basic open-hearth slag which 
fu.ses and runs down to form a pool on the bottom. This 
pool shortly is drained off through the opening at the 
tap hole. The hearth then usually is chilled, after which 
the furnace must be brought back to operating tem- 
perature. Any cracks which appear in the burned-in 
bottom then are filled with fine magnesite, after which 
the furnace is charged. 

2. Rammed Magnesite or Plastic Chromite Sub- 
Hearths with Burned- In Working Hearth. The rammed 
or plastic type of bottom is being employed to a con- 
siderable extent, the rammed subhearth replacing an 
equivalent thickness of burned- in magnesite, thus per- 
mitting faster installation which makes it possible to 
charge the furnace sooner than in the case of a com- 
pletely burned-in hearth. 

The special, prepared, grain -sized, cold-setting mag- 
nesite or dolomite-magnesite materials, containing 5 to 
6 per cent moisture, generally are rammed to a depth of 
6 to 10 inches with pneumatic rammers, while the plastic 
chromite mixtures are installed in thicknesses ranging 
from 3 to 6 inches. On top of the rammed-in bottom 


material, after raising the temperature in the furnace 
chamber to from 2900° to 3000° F and maintaining lhi.<; 
for 16 to 24 hours, the top layer of the final bottom, 
from 3 to 10 inches in total thickness, is burned in with 
grain magnesite, layer on layer, as described in the 
previous section on burned-in grain magnesite bottoms. 

3. All-Rammed Bottoms. Many of these bottoms have 
been installed in recent years, as they require a shorter 
time for installation than other types, and provide more 
accurate contours. The specially grain-sized magnesite 
mixtures mentioned previously are rammed in over the 
top of the brick courses, using forms and careful tamp- 
ing procedure. When ramming is completed, the bot- 
toms are dried with flames from gas burners, after 
which they finally arc heated to approximately 3000“ F 
for about 48 hours, after which any cracks that develop 
are filled with ramming material. The hearth then is 
“slagged” as described previously, chilled, and again 
dressed with the fine refractory material, after which it 
is brought up to operating temperature for charging. 

The foregoing procedures describe the installation of 
a new hearth. Such a new hearth will last for possibly 
five years or more. Its life thus covers the making of 
possibly 3,000 to 6,000 heats, and is called a “campaign.” 
After each heat is tapped from a furnace during a 
campaign, it usually is necessary to make at least minor 
repairs to the banks and bottom. The techniques em- 
ployed for making these repairs to maintain the furnace 
in good operating condition are described in a later 
section. 

Basic Hearth Tap Hole — The tap hole, located midway 
between the ends of the hearth and at a point in the 
back bank toward which the hearth slopes, should have 
a continuous fall (about 1 inch per foot) from the 
lowest level of the bottom. It is about 6 inches in 
diameter and is formed by first placing a steel pipe 
through a circular hole in the hearth brickwork which 
is lined with basic brick. The opening between the 
pipe and the basic brick is rammed with magnesite, 
magnesite and chrome ore, or basic bottom ramming 
material. Before the furnace is charged, the tap hole 
is filled with burned dolomite, being faced wiA this 
same material on the inside of the furnace. In the rear, 
or tapping-spout end, a mixture of burned and raw 
dolomite is tamped into the hole. A plug of clay loam 
completes the sealing of the rear end. Tap hole and 
spout locations are shown diagrammatically in Figure 
15 — 17 mentioned previously. 
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A casting on the ladle-pit side of the furnace, known 
as the tapping-hole casting, provides a seat for the 
tapping spout against the tap hole, so that the flow of 
molten steel from the tap hole through the tapping spout 
to the ladle is smooth and free from undue turbulence. 
The tapping spout is formed from a steel plate formed 
into a U-shaped trough, which is lined with fireclay 
brick and may be surfaced with fireclay, magnesite, 
magnesite and cement, magnesite and chrome ore, 
occasionally with graphite in the mix. A refractory joint 
of plastic refractory is made between the spout and fur- 
nace. 

When the percentage of molten pig iron in the charge 
is high enough to require a slag run-off or flush-off in 
the period follov/ing the addition of the molten metal, 
provision is made in the back bank and through the 
back wall, between the tap hole and the end of the 
furnace, for a run-off notch. This is to provide an open- 
ing through the back wall tli rough which the early slag 
may be run off through a spout and into a slag pot. In 
the case of several modern installations, the sill plate 
of the middle furnace door is designed to permit the 
drainage of slag from the furnace so that it may be re- 
moved from both the back and front of the hearth (see 
Section 4). 

The Acid Hearth — ^The hearth of an acid open-hearth 
furnace is similar in contour to that of a basic open- 
hearth furnace, the difference in construction being that 
acid brick instead of basic brick are used in the hearth 
structure and only acid material is used above the 
hearth brickwork. 

The average capacity of acid furnaces in the United 
States is approximately 60 tons, and the largest acid 
furnaces are of 125 tons capacity. A modem acid open- 
hearth furnace would have the same steel bottom pan 
as used in the latest designs for basic furnaces. 

One and one-half inches of insulating concrete may 
be used next to the steel bottom plate. Fireclay brick 
next are laid to a depth of 5 to 11 inches. Over the fire- 
clay brick are laid silica brick to a thickness of 11 to 
12 inches. On top of the silica brick, the upper part 
of the hearth, which receives the charge, is built up 
with fritted or sintered silica sand to a minimum thick- 
ness of 9 inches at the tap hole, and to an increasing 
thickness progressing towards the ends of the hearth. 
The drying and heating of the acid furnace preliminary 
to making the bottom of silica sand are conducted in 
the same manner as for the basic furnace. Before the 
furnace is heated to too high a temperature, the tapping 
hole must be put in shape. 

Acid Hearth Tap Hole — In most furnaces, the opening 
left in the brickwork for a tapping hole is square in 
section, except at the top, which is arched. This open- 
ing, measuring about sixteen inches across, must be 
lined with some acid refractory material that will set 
hard and resist the eroding effect of the liquid metal and 
slag. To form this lining, a tapered plug of iron or wood, 
from four to ten inches in diameter at the large end, 
varying in accordance with the size of the furnace, is 
inserted centrally into this hole in the brickwork, and 
the space between the plug and brick is rammed full of 
ground ganister (silica sand) containing a little plastic 
clay as a binder. When this mixture has set, the plug 
is removed, and the round opening is filled wiA anthra- 
cite coal, which is covered immediately on the inside 
of the furnace with a little sand, so the coal will not be 
burned out during the heating of the furnace. Outside, 
the coal is held in place with a plug of fire clay. Some 
shops prefer to use a graphite plug, such as might be 
made from a used electric furnace electrode. In this 
case, the plug is surrounded by silica sand and is left 


in place while the bottom is being made. The tap hole 
is approximately 6 to 8 inches in diameter. Some melters 
prefer to tamp the hole full of ganister containing 5 to 
7 per cent moisture, and then dig out with a sharp, 
curved spoon some of this filling to form a small 
cylindrical-shaped hole, which is left open until after 
the bottom and banks have been fritted in. This hole is 
then stopped as described above. 

Making the Acid Bottom — ^After the tapping hole has 
been made ready, the heating of the furnace is carried 
on as described under the basic process. In the mean- 
time, preparations are made for fritting or glazing the 
sand bottom and banks. As a first step, enough sand- 
stone or granite chippings, if such chippings are pro- 
curable, are scattered over the bottom and banks to 
cover the surface. Then, as soon as the furnace has come 
to a red heat, more fuel is admitted and the valves are 
reversed at about twenty-minute intervals tmtil these 
chippings begin to fuse. This procedure permits the 
bricks in the banks and bottom to absorb more heat 
than if sand is spread directly upon them, and the 
partly fused chippings form a better bond between the 
almost infusible silica brick and the sand fritting. By 
means of shovels, rabbles, and long-handled spoons, 
silica sand is now spread evenly over the surface of 
the bottom and banks to a depth of about one-fourth 
inch, and the heating is continued until this sand begins 
to fuse, thus forming a glaze over the entire surface. 
Another layer of sand is then spread and glazed on as 
before, and these operations are repeated until the 
bottom and banks have been built up to the desired 
thickness, which varies, according to the size of the 
furnace, from nine to twenty inches. The bottom may 
now be compared to a big oval dish, the semi-vitrified 
layers of sand forming practically a solid one-piece 
wall about the sides and bottom. 

After the bottom and banks have been fritted prop- 
erly, or glazed in, the tapping hole is punched through 
from the outside and again made up as before, vising 
a mixture of anthracite coal or coke and sand, and 
securing this in place with a plug of fire clay rammed 
in from the outside, at some shops. The hearth then is 
filled nearly half full of acid open-hearth slag. If the 
slag is not at hand, red brickbats or other easily fused 
siliceous material is substituted, and some light scrap, 
such as sheet trimmings, is scattered on top. Other shops 
prefer to add only as much slag as the bottom and banks 
will absorb. When this charge has melted, rabbles are 
inserted through the doors and the liquid slag is 
splashed up against the banks to wash them down. 
Then the bottom itself is raked over carefully to smooth 
it, after which the tapping hole is opened and the slag 
is drained out of the furnace. This treatment tends to 
consolidate the bottom and banks, and make them much 
more resistant to the buoyant action of the liquid metal 
of subsequent charges. According to some practices, 
tlie next two or three charges will be small, not over 
two-thirds the capacity of the furnace, and will consist 
mainly of cold pig iron. Then, if it is apparent that the 
bottom is holding well, the size of the charge and the 
proportion of scrap used may be increased gradually 
imtil the furnace is working on its normal charges. 
Some melters prefer to test each layer of the bottom as 
it is fritted in by scraping it with sharp rods. When 
each layer has shown a hard glazed surface, and exami- 
nation of the material removed in shaping up the tap 
hole indicates a firm vitrified bottom, the first charge 
may be of normal size. 

The quality of the sand used for this purpose is of 
very great importance. If the sand is very pure, that is, 
composed almost entirely of silica, great difficulty is 
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Tabic 15—11. Chemical Compositions of Different Sands Used for Acid Open-Hearth Bottoms and Banks 


GRADE 

Good 

Bad 

Fair 

Fair 


Mix* 

Mix* 

imposition 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

(%) 

Silica, SiOa 

95.83 

88.46 

97.38 

95.01 

96.34 

98.45 

92.36 

Iron Oxide, FeO 

0.40 

0.96 

0.45 


1.05 



Alumina, AbOs 

2.76 

8.27 

1.48 

3.44 


0.85 

2.85 

1 ime, CaO 

Trace 

Trace 

Trace 


0.21 

Trace 

Trace 

Magnesia, MgO 

0.13 

0.23 

0.08 

Trace 


Trace 

Trace 

Alkalies, K 2 O -f NaaO 

None 

None 

Trace 

Trace 

None 

Trace 

Trace 

Ignition Loss 

0.88 

2.08 

0.64 



0.52 

1.57 


• These sands may be mixed in about equal proportions. 


experienced in fritting it on the bottom, while if it 
contains too high a percentage of impurities, it will be 
fritted easily but also will be worn away rapidly after 
die* furnace is put into operation. The silica content of 
the sands, or sand mixtures, that gives the best results 
IS usually between 94 and 97 per cent. No definite figures 
can be given for the composition of a good sand, be- 
cause the adaptability of the sand for this purpose de- 
pends not only upon the kind and relative amounts of 
impurities present, but also upon the physical make-up 
nf the sand itself. Certain natural sands, including some 
beach sands and a few deposits in Ohio and other mid- 
western states, give the best results. In Western Penn- 
sylvania some of the most desirable material occurs as 
hard sedimentary rock, which has to be crushed to 
rend(-‘r it suitable for this purpose. In fineness, this 
stone is crushed so that all will pass a one-fourth inch 
screen. Frequently a relatively coarse and pure sand 
mixed intimately with a certain proportion of a fine and 
loss pure Scind will give good service as bottom ma- 
terial, even when either sand alone has proved unsatis- 
factory. Table 15 — II has been found helpful in the 
selection of suitable sands for this purpose. 

Front Wall and Doors — The walls of all open-hearth 



Fig. 15 — 18. Sketch showing how steel plates are 
inserted between every fourth course of metal- 
encased basic brick and then welded to bars 
welded to the solid buckstays to make a more 
stable front-wall construction for an open-hearth 
furnace. Note increased thickness of wall near 
the bottom. (Courtesy, Harbison-Walker Re- 
fractories Co.) 


furnaces begin on the top course of the brick which 
form the upper rim of the hearth. The front wall extends 
from the door sill line to the bottom of the skewbark 
channel that supports the skewback brick on which the 
roof is supported. The walls, in the larger modem fur- 
naces, are generally at least 13% to 18 inches thick, be- 
ing thickest at the base of the wall. Basic brick for 
basic furnace walls usually are laid up to 12 to 15 inches 
above the sill line. The courses of brick above these are 
usually of silica brick where brick arches above the 
doors are employed and of basic brick when archlcss 
door frames are used. With silica walls, it is preferred 
that the underlying basic brick be chrome-magnesite, 
their composition being predominantly chrome ore, to 
limit fluxing of the silica brick. Front walls built en- 
tirely of basic brick often employ steel-encased 
magnesite-chrome brick in which magnesite is the 
predominating ingredient of the composition. These are 
“tied” to the furnace buckstays with steel plates laid 
horizontally between selected courses, usually by spot- 
welding them to the buckstays, to provide greater 
stability and resistance to mechanical abuse (See Figure 
15 — 18) . Silica brick front walls sometimes are insulated 
by applying plastic clay-bonded exfoliated vormiculite 
by a spray gun or trowel to a thickness of 1 to 2 inches. 

When the walls arc built of basic brick, it is not usual 
to in.sulate them, but rather to seal them against air 
infiltration by using a thin coating of the materials 
ordinarily used for insulation. 

Modern stationary furnaces generally are equipped 
with five doors. Recently, some enlarged furnaces have 
had the number of doors increased to seven. Practically 
all doors in use on open-hearth furnaces are water- 
cooled, and generally are lined with used or new fire- 
clay brick, although increasing use is being made of 
plastic chrome ore, rammed on steel studs set in the 
steel door plate (Figure 15 — 19). 

A peep hole, called the wicket, is provided on each 



Fig. 15—19. A hollow steel casting, through which 
cooling water is circulated, has a studded recess 
which is rammed with a plastic refractory to make 
one type of an open-hearth furnace door. 
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Fig. 15->20. At the top is shown a section of an open-hearth-fumace main roof, illustrating the ribbed-ring-tsrpe of 
construction. Joints between brick in the rings and ribbed rings are omitted. Note that port roof is of ring-type con- 
struction, but not ribbed. Below are three schematic drawings showing differences between the “bonded/* “ring** 
and **rib1^d-ring** methods of laying roof brick. These are not sketches of an open-hearth roof, and are intended only 
to illustrate the three methods of brickkoring. 
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door to provide for inspection of the interior of the 
melting chamber, and to provide access to the furnace 
for dipping out molten samples, for stirring, for poling, 
and for taking temperature meastirements. 

The doors slide on water-cooled welded-steel frames 
which are placed between the front-wall buckstays and 
against the front wall. The doors are raised and lowered 
by electric door hoists in modern installations. 

The front and back walls of acid open-hearth furnaces 
are built entirely of silica brick, 13^^ inches thick. 

Back Wall — The back wall may be vertical, or so- 
called full sloping (40 to 50 degrees with the vertical), 
or a compromise between the two. Modern practice 
dictates a slope which will provide easy maintenance 
through the doors of the furnace (Figure 15 — 17). In 
this case, the back wall slopes in such manner as to be 
essentially a continuation of the sloping back area of 
the furnace banks. Underlying the hot face of the 
sloping back wall are about 13 inches of basic brick, or 
of basic brick over firebrick. Vertical back walls, like 
the front walls, may be all basic or silica in the upper 
sections. Magnesitc-chrome steel-encased brick are 
used quite widely. Back walls, particularly of the verti- 
cal type, may be insulated the same as front walls if 
the brick are silica, restricting the coating to a sealing 
coat if basic brick are used (see the description of front 
walls, above) . 

Main Koof — The main roof of the furnace arches over 
the hearth from front to back wall between the vertical 
planes which intersect the junction of the port roofs 
with the main roof as the port roofs slope down to 
meet the latter. These planes define where the port ends 
and the furnace chamber begins. Usually, this line of 
junction of main roof and port roof is called the knuckle 
(see Figures IS— 15 and 15—16), 

Silica brick are used almost universally to construct 
open-hearth furnace roofs, although operating tests 
have been conducted on basic furnaces whose roofs are 
built of basic brick set in a sprung arch with the brick 
suspended and pressure applied to the back skewback 
by springs. Both bonded and ring silica brick roofs are 
used in different thicknesses or combinations of thick- 
nesses, although 12, 13 15 and 18 inch roofs are most 

common. 

In the bonded roof, the brick are overlapped to 
“break’' the joints, while in the ring roof, the joints 
are not broken. Ring roofs may be plain or ribbed. It 
is common practice to employ the ribbed construction 
for greater stability. As may be seen in Figure 15 — 20, 
the ribs run from front to back of the furnace. The ribs 
may be 3 to 6 inches thicker than the rest of the roof 
and extend above the regular roof brick at every third, 
fourth or sixth ring. The location of the rings depends 
on the width of the roof span. 

In some shops, basic brick are used in the roof 
adjacent to the front and back skewbacks, generally in 
alternate rings with silica brick. 

The rise of the roof arch is generally 1^^ to 2 inches 
per foot of span. Skewback brick (Figure 15 — 17) which 
take the thrust of the arch at each of its ends, should be 
designed very carefully so as to have the angle best 
suited for distributing bearing pressure, and there 
should be the minimum number of shapes in one skew- 
back line. In some plants, sloping channels are used to 
replace the shaped skewback brick. 

Roof design and thickness require careful considera- 
tion in each plant with respect to maximum economical 
life as related to the fuels commonly used and normal 
operating practices. All other parts of the furnace 
should be designed so as to be “balanced” with roof 
life and thus require replacement in intervals that are 



VALVE 


Fig. 15—21. Schematic diagram (not to 
scale) sliowing arrangement of checker 
system for preheating both air and 
gaseous fuel for an open hearth. Only 
lialf of the furnace and the flues on one 
side are shown, since the other side of 
the plan is exactly similar. Upon revers- 
ing, the air inlet and gas inlet are both 
closed and the two valves opened, giv- 
ing access to the slack, while exactly the 
reverse operations are performed at the 
opposite end of the furnace. 

even multiples or fractions of roof life. This desirable 
condition can be promoted tlirough careful selection 
of refractories and their proper applications. 

In producer-gas or natural-gas fired furnaces, of 
which relatively few installations remain, the ends of 
the main roof slope to form, with the port roof, a V at 
the knuckle (Figure 15 — 21) . The roofs of oil-fired fur- 
naces are designed to form a shallower V at this point, 
a higher level at the knuckle, and a straight contour 
from knuckle to knuckle (see Figure 15 — ^15) . Different 
types of water-cooled skewback channels are employed 
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frequently, particularly at the front-wall side of the 
roof. 

Silica roof brick are bonded with silica cement or may 
be laid dry with a surface grouting of silica cement. 
In the relatively small number of Cases when insu- 
lation is applied to furnace roofs, exfoliated vermiculite 
is employed either as a loose blanket or in plaster form, 
although an intervening layer of sand or crushed silica 
brickbats containing a small amount of lime may be 
used. The total thickness seldom exceeds 3 inches. 

Acid open-hearth furnaces have roofs built of silica 
brick, 12 to 15 inches thick. 

Port Ends — The port ends (Figure 15 — 16) include the 
port side and end walls, fuel ports, port roof, port slope, 
and uptakes from slag pockets to the port roof- Some 
furnaces have wing walls (also called monkey walls) 
built entirely of chrome-magnesite brick, or faced with 
these brick and backed up with fireclay brick; they form 
part of the throats where the gases from the ports enter 
or leave the hearth chamber and may be water-cooled 
to maintain their contour, with the consequent effect 
of maintaining control of the flame. 

The end walls may be built completely of silica brick, 
13^/^ to 27 inches thick, or of basic brick from slightly be- 
low charging floor level to the port roof, in which case 
the walls are 9 to 131^ inches thick. The basic brick may 
be burned or unburned magnesite-chrome and prefer- 
ably steel-encased, or at least, laid with steel plates 
which are tied to the port-end buckstays every few 
courses. 

Fuel ports on furnaces fired with fuels other than 
producer gas consist of water-cooled burners which are 
usually, but not always, covered by a doghouse of basic 
brick or silica brick covered with chrome ore, the whole 
generally supported on a solid, silica-brick arch di- 
viding the uptake on each end of the furnace in the 
direction of the longitudinal axis of the furnace. Gas 
may be introduced through the same water-cooled 
burner as liquid fuel, or may be introduced through 
shaped brick at the sides of the ports near the uptakes. 

Producer-gas fired furnaces require separate uptakes 
and regenerator chambers for the gas (Figure 15 — 21). 
The producer gas ports are of various designs, but the 
most popular design consists of a water-cooled steel 
arch-shaped “tank,” lined inside and out with silica 
brick, although the outside surface may be covered 
with basic brick or chrome ore, particularly at the nose 
or outlet end. The gas uptakes may be lined with basic 
brick for some distance below charging floor level and 
built elsewhere of silica brick. Air uptakes may be 
built similarly. 

The port roof usually is built of silica brick, with a 
minimum roof thickness of 9 inches except at the 
knuckle or junction of the port roof slope with the main 
roof, where the thickness is the same as the main roof 
(Figure 15 — 16). The port slopes or floors from edge 
of uptake to end of hearth are built similarly to sloping 
back walls with fireclay brick covered with basic brick, 
followed by a layer of magnesite bottom mixture or 
chrome ore. 

Maintenance of port ends and furnace hearth ends is 
facilitated greatly by good design in the wind box or 
chill, indicated in Figure 15 — 15. This is a triangular- 
shaped steel box open at both ends, extending at both 
ends of the furnace across the furnace between the 
hearth side of the uptake wall and the end of the hearth, 
which portion of tlie hearth it supports. 

Success has been attained with a port end built en- 
tirely of basic brick. Magnesite -chrome steel-encased 
brick are used, suspended, in both port-end roofs and 
vertical walls. 


Insulation of end walls and port side walls is more 
common than on other wall surfaces above the 
charging-floor level and, in general, consists of a 
sprayed or troweled coat of plastic vermiculite, 1 to 2 
inches thick in the case of silica brick and a sealing coat 
in the case of basic brick. 

Modern acid furnaces have port ends (roof, side walls, 
ends) built of silica brick, the walls 13M! inches to 9 
inches thick and the port roof 12 inches thick. 

Slag Pockets — The slag pockets extend downward 
from the bottom of the uptakes (see “Port Ends”) to a 
level which provides sufficient volume for the accumu- 
lation of oxides. These oxides are in the form of fine dur t 
carried by the hot exit gases that have passed over tl.e 
charge. The oxides are mainly iron oxide, but may car{ y 
other dust; for example, lime after an addition of burred 
lime to the furnace. The oxides are deposited from (he 
gases descending from the outgoing port without block- 
ing the entrance of these gases to the fantail flues and 
regenerator chambers. The walls of the slag pocket are 
built of silica or fireclay brick or, often, of silica brick 
backed by fireclay brick walls, usually insulated. False 
walls of loosely laid used brick generally are used inside 
the silica brick walls to facilitate slag removal. Slag 
pocket floors are covered with a layer of sand over hard- 
burned, low-duty fireclay brick. Location of the slag 
pockets is shown in Figures 15 — 14, 15 — 15 and 15 — 16. 

In a number of cases, the bottoms of the slag pockets 
are built so as to incorporate some mechanical means 
of loosening and breaking up the oxide deposit, includ- 
ing means for inserting explosives, so as to shorten the 
time of cleaning out the pockets at the time of furnace 
rebuilding. 

In the case of acid open-hearth furnaces, the silica 
brick extends on down from the port ends and uptakes 
to meet fireclay walls extending from the bottom of the 
slag pockets half way to the charging-floor level. 

The fantail flues (Figures 15 — 13 and 15 — 16) are built 
of silica or of fireclay brick. The slag pockets and fan- 
tail walls are insulated with 3 to 4 Ms inches of di- 
atomaceous or fireclay insulating brick or vermiculite 
blocks, which may be coated with an inch of plastic 
vermiculite. This is used, as a rule, on the fantail arches 
to a depth of 2 to 3 inches. From the fantail, the gases 
flow to the regenerator chambers. 

Regenerator (Checker) Chambers — To obtain suf- 
ficient flame temperature and economical fuel consump- 
tion, the air for combustion must be preheated and 
where fuels of low calorific value are used (such as 
producer gas) , the fuel also must be preheated. The pre- 
heating is accomplished by a regenerative system which 
consists of brick chambers partially filled with brick 
which take up about 60 to 75 per cent of the chamber 
volume and which are known commonly as checker- 
work or checkers. The brick comprising this volume are 
arranged so as to leave a great number of passages 
through which the waste gases from the furnace pass 
on their way to the stack and, later on, as the flow is 
reversed, the air for combustion and the fuel gas (in 
the case of producer gas) pass in the reverse direction 
to be heated on their way to the uptakes and the furnace 
ports. If producer gas is used, both the air and gas are 
preheated in separate regenerator chambers, uniting 
and burning only when they enter the furnace (Figure 
15 — 21), With natural gas, coke-oven gas or liquid fuel, 
only the air is preheated. The checkerwork and the 
chamber, flue, uptake, and port walls abstract a large 
part of the sensible heat from the outgoing waste gases 
and return it later to the incoming air or to the gas 
which is being preheated. Since a large number of fur- 
naces now in operation were built originally to use pro- 
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ducer gas, they were constructed with two regenerator 
chambers at each end of the furnace, the smaller 
chamber preheating the gas and the larger the air. Such 
chambers find use even when employing fuels of higher 
calorific value, such as natural gas, because all of the 
chambers are then used to preheat air. Furnaces con- 
verted from producer gas to liquid fuel continued to use 
all chambers for preheat and the air for combustion 
passed through all of them. With later designs not in- 
tended for fuels requiring preheat, modifications have 
been made to arrange the chambers to obtain the best 
preheat of the air. 

The principal parts of the regenerator system are: 

(1) The chambers enclosing the checkerwork. 

(2) The checkerwork. 

(3) The rider wall system which supports the 
checkerwork and forms the passages conducting 
the cooled gases from the checkerwork passages 
to the exit end of the chamber, or, in reverse, con- 
ducting the air from the air-inlet valves and flues 
to the checkerwork. 

The entire system of regenerator chambers, including 
the roof, checkerwork, side walls and flues, generally is 
built of high-heat-duty fireclay brick, although silica 
brick may bo used in the top courses of the checker- 
work and lower quality clay brick in the flues from 
chamber to stack. There are a large number of checker- 
work designs involving the method of laying the brick, 
the brick size and shape, and the method of allowing 
horizontal and vertical openings. Simple brick shapes 
that can be reused are most in favor (Figure 15 — 22). 



Fig. 15 — 22. One type of checkerwork construction, show- 
ing how simple, rectangular refractory shapes are laid in 
an interlocking manner to provide a series of smooth, 
vertical flues. 

The brick of the checkerwork usually are laid with 
fairly large openings, generally 6 inches (or more) 
square on a horizontal plane, which permits easy clean- 
ing during furnace operation, thus retaining a high 
regenerative efficiency during a furnace campaign. The 
regenerator chamber roof is generally a sprung arch 
although, recently, suspended arches have been used 
successfully. The latter construction permits a greater 
checkerwork volume because of greater permissible 
height of checkerwork and the opportunity to eliminate 
the division wall for furnaces not using preheated fuels. 
For maximum efficiency of regeneration and, conse- 
quently, of furnace performance, air infiltration through 
the walls of regenerator chambers, slag pockets and 
furnace ends must be kept to a minimum. All of these 
walls should be well sealed. The regenerator chamber 
walls usually are insulated with to 4 inches of block 
insulation of vermiculite, magnesia, or asbestos compo- 
sition. The outside of the chamber walls, including the 
block insulation, often are encased with light steel 
plates. When steel is not employed, the insulating blocks 
are coated with asbestos or vermiculite cement for seal- 


ing. These plastic coatings, or insulating blocks plus 
coatings, are used to a depth of 3 to 4 inches on the 
chamber roofs. Vermiculite or diatomaceous concrete 
may be used on the floors of the chambers. Insulating 
bricks or blocks of vermiculite or asbestos may be used 
on the flue walls and arches. 

Forced Draft Fans — A forced-draft fan (Figures 
15 — 13 and 15 — 16) is Uie most important auxiliary of 
relatively recent adoption for modern furnaces. When 
operating on natural draft, the only force causing air 
flow into the furnace ports from the regenerative system 
is the heat head or stack effect of the checker chambers 
and uptakes. Thus, not only the temperature of the air 
varies from one end of the air cycle to the other, but 
also the quantity of air. In addition, since the checkers 
are under a pressure less than atmospheric because of 
natural draft, air infiltration is induced. 

It should be noted that the actual positive and nega- 
tive pressures within the furnace referred to in discuss- 
ing forced draft and natural draft are only slight, 
amounting to only a few hundredths of an inch of water 
pressure. 

The benefits of forced draft are threefold: 

(1) The volume of air entering the furnace through 
the regenerators is maintained constant at a given set- 
ting, being influenced only by changes in motor and fan 
speed or valve settings. 

(2) The delivery of air under slight positive pressure 
to the furnace system by a fan lessens air infiltration 
through flues, checker chambers, fan tails and slag 
pockets during the cycle when air is passing through on 
its way to the inlet port. 

(3) Delivery of air under pressure to the furnace 
constitutes an automatic warning system in the sense 
that it will cause a decided outflow of heat into the 
furnace cellar in case of leaks in the auxiliary system. 
This factor promotes prompt attention by maintenance 
crews to any leaks that may develop and keeps furnace 
efficiency at a constant high level. 

Flues — The type of flue generally used for modem 
open-hearth furnaces between the regenerative system 
and the stack or waste-heat boiler is one which has a 
relatively flat arched top and is supported by a hori- 
zontal concrete pad under the flue with concrete re- 
taining walls on the sides. They generally are built with 
inch walls and arches of second-quality fireclay 
brick. On the top of the arch and between the side walls 
and the concrete retaining walls is used a layer of in- 
sulating concrete or similar material having an insulat- 
ing and sealing effect. The floor of the flue is paved with 
second-quality fireclay brick, and between this and the 
concrete pad underneath is a 6-inch layer of insulating 
concrete. 

Valves — ^Figure 15 — ^23 shows a modem flue and valve 
system for an open-hearth furnace. To cover the case of 
a furnace which uses producer gas for fuel, which must 
be preheated, the diagram shows the position of the 
producer-gas inlets to the flue system and the gas re- 
versing valves, as well as the usual air reversing valves, 
air-fan connections to the latter, stack valve, and waste- 
heat boiler valve. 

On the left side of the diagram, the source of producer 
gas is shown cut off from the furnace system since the 
slide valve “A” is down. Both regenerator chambers or 
checkers are connected to the stack because slide valves 
“B” and “C” are raised. The upper port in is closed 
by the slide valve in the raised position, and air sup- 
plied by the forced draft fan is cut off from the air 
regenerator or checker. 

On the right side of the diagram, slide valve is 
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Fic. 15—23. Flue and valve system for an open-hearth furnace fired with producer gas, having the roofs and parts of 
the walls of the flues cut away to ^ow valve positions and directions of gas flow. Reversing valves at left are desig- 
nated in the text as Valves A, B and C, from left to right. Valves at right are Valves D, E and F, from right to left. 


open, permitting flow of producer gas to the gas checker. 
Slide valve **E,” lowered, has cut off connection of this 
checker to the stack, and the upper port in “F* is opened 
to admit air to the air checker by the same slide that, in 
being lowered, has cut off this air checker from the 
stack. 

When the fuel is not preheated in the regenerative 
system (coke-oven gas, natural gas and the liquid 
fuels), valves “A,” “B,” “D” and “E” are eliminated, 
and valves “C” and “F” are the only ones needed. Of 
these two valves, one can serve each side of the system 
if the Hues from the two regenerative chambers at both 
ends of the furnace are allowed to merge, or two sets 
may be employed, one valve for each of the two 
chamber flues at each end of the furnace to make a total 
of four valves, operating in pairs, in the case of the 
larger furnaces* 

If the waste-heat boiler is in operation, the waste-heat 
boiler valve **W** has its slide raised to admit furnace 
gases to the boiler, and the stack valve is lowered 
to permit flow of these gases from the boiler to the stack. 
If the waste-heat boiler is not in operation, the valve 
“W” is closed and the stack valve “S” is opened. 

Figure 15—24 shows a simplified installation of one 
type of slide valves which coxild replace the air revers- 
ing valves **C** and in F*igure 15 — ^23, for a smaller 
furnace using non-preheated fuel It also illustrates the 
upper and lower ports of these two valves. 

The sliding dampers or slide valves are fabricated 
from steel plates and are water cooled. The seats on 
wUch they slide are made of cast iron and also are 


water cooled. The seats and dampers are machined to 
provide gas-tight closure. 

Waste-Heat Boilers — ^Up to 33 per cent of the fuel in- 
put to an open-hearth furnace (gross heating value of 
the fuel) can be recovered in the form of steam by the 
use of a proper waste-heat boiler with an economizer. 
The 33 per cent figure is based upon the equivalent fuel 
energy represented by actual steam. Taking boiler ef- 
ficiency into account (say, 80 per cent) the actual heat 
recovered equals 33 divided by 80 or 41 per cent equiva- 
lent fuel. The waste-heat boiler imposes additional re- 
sistance to the flow of waste gases and involves the use 
of an induced-draft fan (Figure 15 — 13). This fan, how- 
ever, actually provides an improvement to the furnace 
system proper, because of the following reasons: (1) the 
induced-draft fan assures ample draft to remove waste 
gases from the furnace system almost regardless of the 
condition of the checkerwork. (2) Since the induced- 
draft fan is independent of temperature and tempera- 
ture variation, and has the power to accelerate the 
movement of the column of waste gases, it permits more 
accurate control of furnace pressure. 

While conventional water-tube boilers were used 
formerly in waste-heat recovery, the use of such boilers 
has been abandoned almost entirely in favor of the 
horizontal fire-tube type. 

Waste-heat boilers, in the modem plants whose gen- 
eral layout was described previously, are located on 
the groimd-level floor of the lean-to building, but, in 
any case, they must be located close to the stack. 

StAckl—W^e in the case of a modem open-hearth 
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Fig. 15 — 24. Arrangement of one type of slide valve controlling flow of combustion air to, 
and waste gases from, an open-hearth furnace fired with non-preheated fuel. The two 
sliding dampers are operated simultaneou.sly by the same winch, so that as one slides 
upward the other slides downward to reverse the directions of flow of air and waste gases 
through the system. 


installation with waste-heat boilers, the induced-draft 
fans produce the larger part of the total draft effect in 
exhausting the furnace gases, stacks still must be pro- 
vided. They must provide enough natural draft to en- 
able the process to be carried on when the waste-heat 
boilers are on repair, or enough draft when the furnaces 
are being rebuilt and the regenerative system is being 
cleaned. This draft during cleaning is needed so that the 
regenerative system will be kept cool enough to permit 
entry by tlie repair crew for cleaning out dust under 
the checker work. Stacks are brick-lined steel shells, 
from 150 to 225 feet high above the base, with inside 
diameters of 7 feet in the case of modem furnaces. 

A special type of stack, utilizing forced and induced 



draft, forms part of a patented system (the Isley system) 
which utilizes two forced-draft fans and two relatively 
short venturi stacks (Figure 15—25). Alternately, one 
fan with the stack valve open is used to energize an 
ejector nozzle in the one stack at the waste-gas end 
while, with the other stack damper closed, the second 
fan, prevented from blowing air out of the stack because 
the stack damper is closed, pushes air for combustion to 
the furnace through the regenerative system at its cor- 
responding end. In order to reverse the flow of air and 
furnace gases, it is only necessary to close the one stack 
valve and open the other one, and to regulate the 
amount of air blown by the fans to supply draft effect 
and air for combustion. 



Fic. 15—25. Schematic arrangement of a special type of stack utilizing the venturi prin- 
ciple for controlling gas flow through an open-hearth furnace. There is a stack for each 
end of the furnace. Height of these stacks is considerably less than conventional open- 
hearth stacks that depend largely on natural draft for their operation. 
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SECTION 4 

OPERATION OF A BASIC OPEN-HEARTH 


Purifying the Metal — It was stated in preceding Sec- 
tion 3 that, so far as construction is concerned, the only 
important difference between acid and basic furnaces 
is the fact that basic materials are required in the bottom 
and banks of the basic furnace, while the acid process 
requires a bottom and banks lined with silica brick and 
sand. There is, however, a great difference in their 
operation and in the raw materials used for each, the 
difference being so great as to make a separate treat- 
ment of the two processes from this point necessary. 
Since the basic open-hearth process is the leading steel- 
making process in this country, it will be described first. 
The acid open-hearth process will be described in Sec- 
tions 9 and 10. 

Furnace Attendants and Their Duties — Each furnace 
requires an operating crew of three men: a first helper, 
a second helper, and a third helper, and supervising 
these men is a foreman, called a melter foreman, who has 
charge of a number of furnaces and their crews. Ordi- 
narily, the first helper has charge of the furnace (with 
occasional checkups by the foreman) except at the 
tapping of a heat, and directs any repairs to the furnace 
hearth between the tapping of a heat and the charging 
of a succeeding heat or repairs during the heat. 

Charging — When a basic open-hearth furnace is ready 
to receive its charge for the first heat after it is built 
(or, subsequently, when a furnace bottom or hearth has 
been replaced by a new one) it is usually considered 
necessary to use a special charge in which limestone, 
scrap and cold pig iron are charged in the order given. 
The amounts of scrap and cold pig iron are proportioned 
so that when the charge is all melted and the lime re- 
sulting from the calcination of the limestone has risen 
through the melted charge, the carbon content of the 
bath and its temperature will permit the finishing of the 
heat to make a product acceptable in the current prac- 
tice of the steel works. The next three or four heats are 
made using a molten pig iron charge (if molten iron Ls 
available) that is less in amount than the normal molten 
pig iron charge currently used in the furnaces of the 
shop, and a correspondingly higher amount of scrap. 
Following these heats, the normal charge is used. The 
range in composition permissible in pig iron to be used 
in the production of basic open-hearth steel is given in 
Table 12—11. 

After the first few charges, proportioning the amount 
of pig iron and scrap in the charge is usually a matter 
in which neither the melter foreman nor the open- 
hearth shop superintendent has a choice. There is a cer- 
tain amoxmt of scrap produced in the open-hearth 
process, including (1) that produced in the pouring of 
the heat into ingot molds, i.e., pit scrap, and (2) rejected 
ingots and ingots too short to roll, these two items com- 
prising possibly 4 or 5 per cent; in addition there is item 
(3), the scrap produced when rolling the ingot and 
secondary products, which is, in general, possibly 25 
per cent of the ingot weight. Such scrap usually is con- 
sumed in local melting rather than shipped to other 
company shops or sold. The limiting proportions of the 
total scrap and pig iron charge, and the proportionate 
parts of the pig iron in molten and cold forms, are 
governed and restricted by economic considerations. 
Ihese economic considerations change with the location 
of the shop, with respect to the proximity of an ade- 
quate supply of raw materials, the amount of molten pig 
iron available, and the scrap available from integrated 
units. 


In order to consider the matter of the charge for basic 
open-hearth furnaces in the United States, it is neces- 
sary to make a preliminary classification of charges as 
follows: 

Type 1— All Liquid Pig Iron, where the blast-furnace 
capacity associated with a given shop is in ex- 
cess of demand. This type of charge is very 
seldom used because it has been found better, 
when such a proportion of molten pig iron is 
available, to oxidize part of the supply of 
molten pig iron in a Bessemer converter and to 
charge the incompletely decarburized metal in 
a special type of open-hearth furnace (see 
duplex process. Chapter 17), or to speed up the 
melting rate of the usual open-hearth furnaces 
by making such blown metal a part of their 
charge. 

Type 2— Liquid Pig Iron and Liquid Steel. This method 
grew out of the attempt to develop a practical 
and economical method of using 100 per cent 
liquid pig iron, as shown in Type 1 (see duplex 
process). Ordinarily, the charge is molten pig 
iron and blown metal from a Bessemer con- 
verter (where molten pig iron was charged 
and was blown with air) . The greater propor- 
tion of the charge to the open-hearth furnace 
is blown metal in the case of tilting furnaces 
employed in the duplex process. Blown metal 
is used at present in stationary open-hearth 
furnaces for producing only a small proportion 
of the steel made in such furnaces. 

Type 3 — Solid Steel (Steel Scrap) and Liquid Pig Iron 
(with some cold pig iron). A quite common 
situation calls for the use of solid scrap and 
molten pig iron. Thus a mill which rolls its own 
steel ingots and has its own blast furnaces 
would use this method. Where the supply of 
scrap is restricted, liquid pig iron may also be 
used to make up such deficiency of local scrap. 
The amount of iron ore charged is propor- 
tioned to control the carbon content of the bath 
when it is completely melted. 

Type 4 — Solid Steel (Steel Scrap) and Solid Pig Iron. 

Where molten pig iron is not available locally, 
and where cheapness of available scrap pre- 
vents justification for building blast furnace.s, 
the pig iron may be used in solid (cold) form. 
With the higher proportions of scrap, the use of 
burned lime as a flux may be advantageous, as 
mentioned under Type 5. 

Type 5 — All Solid Steel (Steel Scrap). Where no pig iron 
is available or the cost makes its use prohibi- 
tive, the charge may consist of all steel scrap. 
The carbon content at which the bath is com- 
pletely melted is controlled by the weight of 
coke or other carbonaceous material charged 
with the scrap. The chai'ging and working of 
heats of this type require considerable skill 
and the method is a specialized one not repre- 
senting common practice. 

There are some few cases in which the charge is pro- 
portioned between scrap, cold pig iron and molten pig 
iron in order to secure special features in the quality 
of the product but, in general, high quality steel may be 
produced from almost any of the common types of 
charge. 
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The solid parts of the charge are placed in the furnace 
and heated for a svifficient time before charging molten 
pig iron. The limestone is charged first and scrap is 
charged directly over the limestone except where ore is 
charged^ in which case the latter is spread over the lime- 
stone. Sometimes several charging box loads of scrap 
are spread on the furnace bottom and the limestone is 
placed above this. In many shops there is a quantity of 
cold pig iron which must be used and, in practically aU 
cases, there are pit scrap, ingots too short to roll, 
scrapped ingots, and broken ingot molds to be con- 
sumed. 

It is very desirable in most cases to charge the solid 
materials as fast as the volume of this material permits. 
Steel scrap may vary from stool turnings and sheet 
shearings which are graded as “light scrap’* to bloom 
shearings and ingot butts which are in the “heavy 
scrap” grade. The time required to get the solid charge 
into the furnace has a marked influence on the time re- 
quired to make the heat of steel (taken from the be- 
ginning of charging to the tapping of the heat from the 
furnace) . Since the scrap comprises the greater part of 
the solid charge and the weight per unit volume varies 
over a considerable range, its value as an item of the 
charge should be based in part on the space it occupies 
per unit of weight as charged in the furnace. Taking into 
consideration the space occupied in charging box or fur- 
nace and the desire that the total charge will become 
Liquid at a required carbon content, it follows that light 
scrap requires more pig iron or less ore to be charged 
tlian does a heavy grade of scrap. In charging a group of 
furnaces, it is necessary to consider very carefully the 
proper proportioning of the amounts of light, heavy and 
medium scrap. Light scrap requires more charging 
boxes, which take up much track space and increase 
the time required for charging. Scrap that is relatively 
too heavy gives the minimum time in charging, but 
slower melting. 

The charging practice for limestone and scrap is 
usually the same whether cold pig iron or molten pig 
iron is used. The quantity of limestone for the greater 
part of American practice ranges from 5 to 8 per cent of 
the total metallic charge; burned lime for equivalent 
fluxing effect being 3 to 4 per cent. The pounds of lime 
(CaO) required (to be added by these fluxes) must be 
proportioned on the basis of pounds of silicon, phos- 
phorus and sulphur in the total charge, and silica in the 
limestone and ore, with additional consideration for the 
sulphur in the fuel and a knowledge of the quantity of 
lime and silica provided for slag reactions from the 
dolomite used as a refractory. 

Before considering the amount of ore required to be 
charged, it is necessary to review the sources from 
which oxygen is available for the process. These sources 
are: 

Scale, rust (oxides, carbonates) on solid scrap. 

Oxidizing oxides in slags at different stages. (Oxidiz- 
ing oxides are reducible oxides FeO, MnO, etc., but 
not stable oxides CaO, MgO, ALOa, etc.) 

Carbon dioxide (COa) resulting from calcination of 
limestone. 

Oxygen in the liquid metal through direct oxidation 
of metal when boiling action exposes it to oxida- 
tion by the products of combustion. 

Iron ore, roll scale (including heating furnace cinder) , 
sintered ore, nodulized ore, ore briquettes; as 
charged with initial charge or fed after bath is 
melted. 

The quantity of ore to be charged must be propor- 
tioned so that, with the other sources of oxygen avail- 


able up to the time the bath is melted completely, the 
net effect will lead to the desired content of carbon in 
the completely melted bath with the lime all up from 
the furnace bottom. 

The ore charged is usually spread on the limestone. 
The quanffty varies from 0 to 25 per cent; the high limit 
being required with unusually large proportions of 
molten pig iron. The ore charged is usually fine so that 
it is classified as “soft,” but part or all of this natural 
ore may be replaced with sintered, nodulized or 
briquetted ore, or imported ore, some of which is harder 
and contains less fines than domestic ores. 

When the per cent of molten pig iron in the total 
charge is greater than 45 per cent, the resulting higher 
carbon content makes it necessary to add a considerable 
quantity of ore after the charge is completely melted, or 
even to charge ore with the initial charge. With charges 
of above 45 to 50 per cent of molten pig iron, general 
practice is to charge ore with the initial charge, and 
then to feed ore to the completely melted charge if 
needed. 

Solid pig iron is added immediately after the scraj) 
charge or even after the scrap is melted down partially. 
Molten pig iron, on the other hand, must be added at a 
carefully judged moment, for the melting and oxidation 
of the scrap must progress to a stage which insures that 
the oxides start to work in oxidation of the metalloids 
of the molten pig iron as soon as it is charged. If the 
molten metal is added too soon, it will be chilled by the 
scrap. If the charging is delayed too long and the scrap 
is too highly oxidized, the carbon content of the bath, 
when the charge is complctey melted, may be too low, 
and the progress in completing the process delayed. 
Molten pig iron is poured from the metal mixer or from 
large mixer type ladles into a transfer ladle. This may 
be carried on an electric overhead crane all the way to 
the furnace or it may bo placed on an electric transfer 
buggy and transported to a point near the front of the 
furnace to be charged, lifted off by an electric overhead 
crane and its contents poured through a runner or 
spout inserted through one of the furnace doors by the 
charging machine (Figure 15 — 26). 

Two of the more common types of charge, which 
should be listed under Type 3 above, are outlined be- 
low. 

“Fifty-Fifty” Practice — This term refers to a charge 
which consists of roughly 50 per cent pig iron and 50 per 
cent scrap. Such an amount of molten pig iron is large 
enough to require the use of ore in the initial charge 
and, depending on the local procedures and efficiency of 
the furnaces in heat transfer to the charge, a run-off or 
flush practice is used. Limits of molten pig iron are 
usually 45 to 55 per cent and the charge may include a 
relatively small amount of solid pig iron, cast iron scrap 
or broken ingot molds. With this charge, equipment 
usually is provided for a run-off or flush practice (see 
“Melting Down After Molten Pig Iron Addition”) . Lime- 
stone is normally used since burned lime is more ex- 
pensive. Fine ore, sintered ore, nodulized ore, or ore 
briquettes may be used interchangeably. The amount of 
ore required in the charge is not sufficient to cause 
serious trouble from violent evolution of combined 
moisture (water of crystallization), unless an excess of 
combined moisture is present; i.e., ignition loss is over 
5 per cent. 

High Molten Pig Iron Practice — This includes those 
cases in which the percentage of molten pig iron is 
about 55 to 80 per cent of the total charge and leads to 
the use of a run-off or flush-off slag for economical 
operation. 

A considerable amount of metallic iron is recovered 
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Fig. 15—26. Making the hot metal (molten pig iron) addition to an open-hearth furnace. 
Rate of flow of the hot metal is controlled by the rate at which the crane hook attached 
to the rear of the ladle near the bottom is raised. 


from the ore which is necessarily charged, and this dis- 
places scrap in the charge to the extent that necessary 
purchase of scrap is lessened. Because of the relatively 
large amount of ore used, the physical characteristics 
and chemical composition of die ore are critical in 
attaining the desired production rate and quality of 
product. Excessive fineness and higher silica and com- 
bined moisture contents are objectionable character- 
istics. The degree of fineness and combined moisture of 
many ores may be corrected partially by sintering, 
nodulizing and briquetting. The charged ore in this 
practice is placed on the limestone so that the latter is 
well covered. Since the proportion of scrap is low, it is 
important to oxidize the scrap well before charging the 
molten pig iron. 

Melting Down the Charge— The melting period really 
begins when the first scrap has been charged. It is im- 
portant to melt the scrap and other solid metallic ele- 
ments of the charge quickly, and to oxidize them by 
sufficient excess oxygen in the flame so as to have them 
at such a temperature and degree of oxidation that, on 
the one hand, the molten pig iron charged will not be 
chilled by the scrap and, on the other hand, the oxida- 
tion of the metalloids of the pig iron will not be delayed 
by insufficient oxygen supply from the oxidized scrap. 
Therefore, a high rate of fuel input is desirable with a 
flame which trsmsfers the maximum number of heat 
units to the charge over the largest possible area of the 
charge. This must be subject to the restriction that the 
roof refractories must not be fused nor the flame extend 
to the outgoing end of the furnace. When the solid 
charge is relatively cool in relation to flame tempera- 
ture, the best condition for heat transfer to the charge 
exists and the roof will remain relatively cool. Recent 


developments in burning fuel over the charge have 
permitted an increase in rate of fuel input and transfer 
of heat units to the charge, thus considerably decreasing 
the time from the start of charging to tapping. These de- 
velopments include the use of oxygen or compressed 
air introduced in proper relationship to the fuel stream 
and the preheated primary air coming in from the “in- 
coming” furnace port. In the case of liquid fuels, the 
use of more than one burner at each end of the furnace 
has increased the rate at which heat can be transferred 
to the solid charge. 

Later in the melting down period, after charging 
molten pig iron, and still later when lime comes up, 
proportionately more heat units arc absorbed by the 
roof and walls than in the earlier stages of melting when 
the charge was relatively cold. The fuel input must 
therefore be controlled carefully. 

With proper attention to the techniques of fast charg- 
ing, e.g., mixing light and heavy scrap, and to main- 
taining high fuel rate and a flame favoring efficient heat 
transfer, it is possible, with the aid of an experienced 
and skilled first helper, to have the temperature and 
oxidation of the charge advanced to the point which 
permits charging of the molten pig iron two hoiirs after 
the start of charging. At this time, part of the solid 
metallic charge has melted and, mixed with a slag of 
oxidized metalloids, has trickled down over and through 
the charge. 

Melting Down After Molten Pig Iron Addition— In the 
period following the addition of hot metal, important 
reactions take place, dictated by the chemical conditions 
of the process and the proportioning and tuning of the 
charge. The chemical reactions have to do with remov- 
ing carbon, manganese, phosphonis, sulphur and silicon 
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from the metallic bath. First to be removed are silicon 
and manganese. These are oxidized to SiOa and MnO, 
and become part of the slag. When these have been 
largely removed from the bath, the oxidation of carbon 
has already begun and now becomes vigorous. The 
carbon is oxidized to CO gas which, in escaping, causes 
agitation of the bath. Eventually phosphorus is oxidized 
to PaOs and this becomes part of the slag. Sulphur is 
transferred to the slag and held there as CaS. 

When using a high percentage of molten pig iron, the 
evolving CO gas causes foaming of the slag, which can 
begin to run from the furnace through openings pro- 
vided for the purpose. The method of open-hearth op- 
eration that involves slag removal in this manner is 
referred to as flush practice. In addition to a notch or 
hole through the back wall that is common to all fur- 
naces using flush practice, most modern furnaces have 
in addition facilities for flushing slag from the front of 
the furnace also. To permit front flushing, a notch or 
trough is cut in the dolomite of the front bank at the 
center door. Slag running from the flushing hole at the 
back or pit side of the furnace is carried by a spout to 
a slag pot set beneath the spout. Slag leaving the furnace 
over the bank at the front or charging side of the fur- 
nace passes through the opening in a hollow casting 
set in the charging floor and runs into a slag pot set on 
a car running on tracks at cellar level (see Figure 
15 — 5). This car can be handled readily by locomotives. 
The openings for slag removal are maintained carefully 
at the best level to obtain a prompt and adequate slag 
run-off containing as little metal as possible. The open- 
ings in the banks originally are dammed with crushed 
dolomite, which is raked out to provide an adequate 
channel for the molten slag. The run-off period may last 
lor an hour in good operating practice. From study of 
the composition of run-off slags, it is evident that con- 
siderable phosphorus and silicon (as oxides) and also 
sulphur (as sulphides) are removed by the run-off from 
the furnace. The oxidation of the liquid portion and the 
melting of the solid portion of the charge continues xmtil 
the ore in the charge has completed its reaction with the 
liquid metal. 

When carbon monoxide is generated by oxidation of 
carbon, the turbulence it causes is different in appear- 
ance from that caused by release of COa in calcination 
of the limestone. The CO gas evolution or agitation is 
more even and gentle, and is commonly called the ore 
boil, and the more violent turbulence caused by COi 
is called the lime boil. It is, of course, true that the oxi- 
dation of carbon and resulting gas evolution in the first 
case results from reaction of carbon with all the re- 
ducible oxides in contact with molten metal, not alone 
the ore, so that it could be more correctly designated as 
the iron oxide boil. This stage of the heat is suppressed 
in degree of oxidation when scrap is a high percentage 
of the total charge. Usually it is not until the slag 
rim-olf is completed that sufficient heat has been trans- 
ferred downward through the charge to start the 
calcination of the limestone and begin the lime boil. 

The melting of scrap and solid pig iron charges ex- 
hibit the same reactions as those in the practice using 
molten pig iron. Melting is slower because the total 
charge is cold at the start, and the vigorous nature of 
the hot metal reaction is missing. The lime boil occurs 
later. 

One difficulty occurring with high molten pig iron 
practice when a poor flush is obtained is the tendency 
toward formation of foamy slags which, containing en- 
trained gas bubbles, are relatively poor heat conductors. 
This condition results in a cold bath with sluggish 
action, and a lack of stirring action which further de- 


creases heat transfer from the flame. This presents a 
difficult problem — how to transfer heat from flame to 
bath while absorption of heat by the bath is limited by 
foamy slags. Under these conditions, the liquid fuels 
(and even the gaseous fuels of higher specific gravity) 
have distinct advantages over a light fuel gas such as 
coke-oven gas. 

As the carbon content of the bath decreases and its 
temperature rises, the ore boil subsides or changes 
character, the calcination of limestone becomes more 
rapid and the lime boil predominates. As it progresses, 
solid lime rises up through the liquid bath, which is 
bubbling violently, largely because of the CO* given off 
by calcining limestone; the COa oxidizes some carbon to 
CO on its upward travel. Lime, by rising to the top of 
the bath, is now available to replace iron and manga- 
nese oxides in the phosphates, sulphates and silicates 
present and thus become part of the slag, with any 
excess of lime being taken up to make the slag more 
basic. The basic property of the slag makes it more 
capable of retaining both the phosphoric and silicic 
oxides in the same slag, and renders the phosphate less 
liable to be reduced with resultant return of phosphorus 
to the metal. Since the CO* released in calcination of 
the limestone has an oxidizing effect, limestone is equiv- 
alent in net effect to a certain amount of ore charged 
and, theoretically, this oxidizing power is equal to 
that of 60 per cent by weight of charged ore of the 
average quality. The lime boil has another function 
which helps to promote the process. It definitely helps 
to equalize the temperature and chemical composition 
of the bath as between levels from top to bottom. The 
ore boil also has this function but with less effect be- 
cause in its phase the bath has not advanced as far to- 
wards complete fluidity and mobility 

The lime rises to the surface of the bath mostly in 
lumps that are appreciably smaller than those charged. 
In the case where burned lime is charged, it finally 
rises without a preliminary boil. The solid risen lime 
gradually dissolves in the slag formed from the earlier 
oxidation of Mn. Si, P and Fe, into which has been 
introduced some CaO and MgO contributed by erosion 
of the basic hearth during the early stages of the heat. 
Special fluxing agents are used in many cases to 
facilitate the solution of lime lumps in the slag, fluorspar 
being the one most used. 

After the ore boil and the lime boil have subsided, 
the working period or refining period begins. The end 
of the melting period generally is taken as approxi- 
mately the time when all the lime has risen from the 
bottom through a substantially melted charge. The usual 
indication of an approach to the condition known as 
“lime up“ is the cessation of the lime boil. 

As removal of carbon from the all-liquid bath pro- 
ceeds, the melting temperature of the steel rises. This 
requires an increase in fuel rate to provide an increased 
transfer of heat to the bath to maintain proper fluidity. 
Efficiency of combustion of the fuel in this case is aided 
by a high level of preheat of the air for combustion, and 
this preheat level can be raised by utilizing the heat in 
the checkers, by reversing the flow of fuel and air more 
frequently. 

The aims of the working period are: (1) to lower tlie 
phosphorus and sulphur contents to levels safely below 
the maximtim level specified, (2) to eliminate carbon 
as rapidly as possible and still allow time for proper 
conditioning of slag and attainment of proper process 
temperature, and (3) to bring the heat to a condition 
ready for final deoxidation in the furnace or for tapping, 
with the glag having the proper viscosity and chemical 
composition and with the desired carbon and oxygen 
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levels in the bath and the proper final bath temperature 
for the composition and grade of the steel being pro- 
duced. The slag must contain large quantities of oxi- 
dizing agents during the working period, but must be 
strongly basic at the end of that period. The conditions 
under which these aims are advanced to a conclusion 
depend on the grade of steel being made, whether it is 
to be finished as of fully killed, semi-killed or rimmed 
quality, and also on the carbon range specified. 

The carbon content of the bath when melted is ex- 
tremely important. The open-hearth process is used to 
produce steel with carbon contents as poured which 
vary from over 1.00 per cent carbon to less than 0.02 
per cent. Usually, the procedure is to oxidize the carbon 
in the bath to a point slightly lower than the final con- 
tent desired in order to allow for the inevitable increase 
in carbon content due to the carbon contained in the 
final ferroalloy additions. Modifications of this method 
have been used frequently in past practice but in 
up-to-date practices are used in a relatively small pro- 
portion of the heats of steel produced. These modifi- 
cations involve oxidizing the carbon in the bath to a 
much lower level than is desired in the finished steel 
and then “re-carburizing” the metal by addition of 
molten pig iron into the furnace just before tapping or 
by adding carbonaceous material, such as coke or coal, 
to the steel as it runs into the ladle. In all cases, it is 
necessary to have the heat melt at a higher carbon con- 
tent than the percentage desired when the heat is 
ready to tap. The general procedure is to balance the 
charge in the beginning of the process so that the heat 
will melt 0.30 to 0.50 per cent carbon above the carbon 
content at which the heat is to be tapped. This is based 
on the principle that, during the time required to oxidize 
this amount of carbon from the bath, ample time for 
controlling slag and bath composition and temperature 
will be available. 

It was stated above that, in the melting period pre- 
ceding the working period, a certain proportion of the 
carbon, manganese, phosphorus and silicon was elimi- 


nated from the bath by oxidation. During the working 
period also the final controlled elimination of these ele- 
ments is accomplished by oxidation, the sources of 
oxygen being oxygen from the furnace gases, iron 
oxides such as feed ore added to the bath, and the blow- 
ing of gaseous oxygen by a lance inserted under the 
metal surface. With respect to the oxidizing influence 
of the flame, a given open-hearth furnace, burning a 
selected fuel, has a characteristic range in oxidizing 
effect which changes to some extent with the life of the 
furnace. The limit of this oxidizing rate also is affected 
by the requirement that the maximum heat output must 
be obtained from the fuel. The oxygen from the iron 
oxide fed to the bath provides the predominating oxi- 
dizing effect so that it, rather than oxidation by the 
flame, is used to provide the major control element for 
regulating rate of oxidation. The iron oxide fed also 
hastens the solution of undissolved lime floating in the 
slag and generates a boiling action of the bath which 
assists in removing gases and controlling the tempera- 
ture. 

Lump ore, fine ore, ore briquettes and, to a minor de- 
gree, roll scale, are the forms in which iron oxide is 
added to the bath. Lump ore or briquettes float, so as 
to project through the slag into the liquid metal and, 
therefore, give relatively more contact with the metal 
bath than does fine ore or roll scale. As a result, oxi- 
dation occurs much more rapidly when the relatively 
bulky oxides are used than with the finer, lighter ma- 
terial. Lump ore has been found preferable but at 
present an adequate supply of “hard” lump ore is be- 
coming more difficult to obtain and the procedure of 
compacting fine ores into sintered or briquetted masses 
equivalent to lump ore is receiving increasing attention. 
The silica content of these iron oxides is important be- 
cause of the lowering of basicity of the slag by silica. 
The iron oxide addition causes a decrease in bath tem- 
perature, compensated for, to some extent, by the effect 
of the vigorous action of oxidation in providing a more 
efficient heat transfer from flame to slag and metal. 


» ^ I 
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Fig. 15"-" 27. A sample of 
molten steel, withdrawn 
from the bath by a 
long-handled spoon, is 
“killed” with aluminum 
as it is poured into a 
small mold. 
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When the bath receives the oxidizing agents it must be 
sufficiently hot to prevent freezing by the additions and 
must also be at a temperature sufficient to promote the 
endothermic reaction by which oxygen leaves the iron 
oxide and combines with carbon, silicon and phosphorus 
(see Section 8). 

On the lower carbon grades of steel, it is customary 
in many plants to add pure oxygen in gaseous form. 
This is accomplished by inserting a steel lance below 
the metal surface through one of the furnace doors. The 
pure oxygen reacts rapidly and raises bath temperature; 
furthermore, no impurities are added. For each furnace 
and for each practice in making a desired product there 
is a rate of adding iron oxide which appears best for 
the combined objectives of high production rate and 
adequate quality level. The quantity of iron oxide 
added and the time between additions is governed by 
the rate at which heat can be introduced into the bath. 
If too much ore is added at one time or the additions 
are too close together, the bath will be chilled and its 
temperature will approach too closely its melting point. 
Such a heat would be too cold to tap and pour success- 
fully and, because of its sluggishness, would be very 
difficult to heat back to proper temperature. After each 
addition of iron oxide has been allowed time to react, 
a test is taken (Figure 15 — 27 ) in order to make an ap- 
proximation of the carbon content of the steel by 
examining the fracture of a broken, cold sample, or to 
obtain a more accurate carbon determination by chem- 
ical analysis, or by an instrument such as the Carbo- 
meter. In the last half hour or hour of the process, no 
iron oxide will be added. To obtain the agitation neces- 
sary to final oxidation of carbon to the level desired 
before adding deoxidizers to the furnace or tapping, 
stirring with steel rods, or the turbulence caused by 
inserting green -wood poles into the bath, may be em- 
ployed. 

On the steel samples taken soon after the heat is 
melted, determinations of phosphorus and sulphur are 
often made by rapid laboratory methods in order to 
determine what additions and slag-control procedures 
must follow in order to obtain loss than the maximum 
content specified for these elements. Sulphur removal 
is relatively slow and difficult to predict and its intro- 
duction through the scrap, pig iron, fluxes, fuel and 
additions should be kept to a minimum. The basicity 
and viscosity of the slag must be controlled because 
certain chemical compositions and physical conditions 
of the slag are favorable for various stages of the heat 
and finally for various types of heats. Higher basicity 
levels are necessary to prevent subsequent phosphorus 
reversion at higher carbon levels. Its chemical compo- 
sition may be adjusted by additions of burned lime, 
limestone, iron oxide or silica sand; its basicity is in- 
creased through lime additions, and it may be made more 
fluid by additions of fluorspar and roll scale. CaO is 
usually provided by burned lime, but sometimes by 
raw limestone. Fluorspar should be used sparingly. 
Slag samples may be taken by a spoon cither for the 
purpose of obtaining samples for chemical (or spectro- 
graphic) analysis or for the purpose of observing the 
physical appearance of slag pancakes made by pouring 
molten slag on a steel plate or in a mold. From ex- 
perience with slags of many compositions, this latter 
method of judging the basicity and the iron content 
of the slag has become dependable. This procedure is 
discussed further in Section 8 of this chapter. 

The appearance of the slag and metal in the furnace, 
and that of the metal as poured from the sample spoon 
into a sample mold, are used by furnace operators to 
check other methods for determination of temperature, 


and composition. Each slag or steel sample must be con- 
sidered as revealing only part of a history of events so 
that a number of samples are necessary for proper 
interpretation of conditions and appraisal of future de- 
velopments. 

Actually the first step in slag control is the control 
of composition of the open-hearth furnace charge since 
this, with the other factor of the amount of silica and 
phosphorus removed in the run-oft slag, determines the 
amount of limestone to be charged. Most of the elements 
oxidized, which combine with lime from limestone or 
from eroded refractories to form slag, come from the 
molten or solid pig iron charged. This leads to the con- 
clusion that slag control begins with the control of 
blast furnace operations. In this connection, it may be 
pointed out that some sulphur may be eliminated from 
the molten pig iron on the way from the blast furnace 
to the open hearth by combining with manganese in 
the iron, if the sulphur and manganese are above cer- 
tain limits, and the time of transportation from the 
blast furnace to the open hearth is long enough, includ- 
ing time in the mixer, to permit the reaction to take 
place under the proper cooling conditions. Thus, there 
may be some removal of sulphur before the chemical 
reactions in the basic open-hearth process take place. 

The aims of slag control may be stated as follows: 

1. To remove phosphorus and sulphur originally in 
the bath to below the desired levels in the finished 
steel. 

2. To produce the required degree of oxidation of the 
bath at the end of the refining period. 

3. To arrive at the proper level of oxidation of the 
bath in the minimum of time consistent with the 
steel quality desired. 

4. To use the minimum quantities of lime and deoxi- 
dizers. 

5. To produce the required product with the mini- 
mum quantity of iron lost in the slag. 

The second aim of slag control given above, to pro- 
duce the required degree of oxidation of the bath at the 
end of the refining period, will vary within a wide range, 
depending on the type of steel being produced. 

There are three general types of steel, classified ac- 
cording to their behavior in the molds and the resulting 
ingot structure: rimming steels, semi-killed steels and 
killed steels. The production of a particular type of steel 
involves control of the degree of oxidation of the bath 
at the end of the refining period. How the oxygen con- 
tent of steel affects the manner in which steel solidifies 
in the ingot molds is discussed in detail in Chapter 20. 

Duration of Various Periods in Production of Basic 
Open-Hearth Steel — Based upon employing a modem, 
large, basic open-hearth furnace of 200 to 225 tons 
capacity, fired with a liquid fuel such as tar or oil, the 
amount of time consumed during various stages of a 
heat are as follows: 

Melt Down (simultaneous with charging) 2.5 hr. 


Hot Metal Addition 0.5 hr. 

Ore Boil 3.0 hr. 

Lime Boil 1.5 hr. 

Working Period 2.5 hr. 

Total Heat Time 10.0 hr. 


After the carbon level has been lowered by ordinary 
methods to 0.25 per cent carbon, the use of oxygen 
thereafter may lessen the working period by 0.5 hr. By 
improved techniques for burning liquid fuels (oxygen- 
enriched air for combustion, etc.) the time for melt 
down gradually is approaching an average of about 
2 hours. 
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TAPPING AND POURING 


Tapping— The finishing temperature of a basic open- 
hearth steel heat will be in the neighborhood of 3000“ F, 
varying according to the composition and grade of the 
steel. 

When the heat of steel is ready to be tapped, the 
second helper, working from the tapping side, digs out 
the clay-loam plug and most of the dolomite with which 
the tapping hole had been closed before the furnace was 
charged. The hole either is burned out with oxygen 
from the tapping side or, according to a recently de- 
veloped method, opened by a jet tapper which consists 
of a hollow explosive charge that concentrates its 
energy when discharged against the obstruction in the 
taphole, quickly opening the hole. Sometimes, opening 
of the hole must be completed by driving out dolomite 
remaining in it by the use of a long steel tapping rod 
inserted fiirough the wicket hole of the middle door on 
the opposite or charging side of the furnace (Figure 


15 — 29). When the hole is completely opened, the fur- 
nace is emptied of its molten contents, whic^ are di- 
rected into the steel ladle through the tapping spout 
(Figure 15 — 28). Since the tapping hole is located with 
its highest level at the lowest part of the hearth and 
slopes downward to meet the tapping spout, the greatei 
portion of the steel flows out of the furnace before slag 
appears in the spout and this relatively late appearance 
of slag permits additions of alloying, recarburizing and 
deoxidizing materials to the spout and, principally, to 
the ladle. It is not permissible practice for these ma- 
terials to come into contact with the slag, since some 
of the phosphoric oxide in the slag may be reduced and 
the phosphorus re-enter the steel. Further, a coating of 
slag on these materials may slow down their melting 
and solution in the steel and reduce the efficiency of 
the additions. The vertical axis of the ladle usually is 
placed with respect to the direction of the tapping 
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Fig. 15—28. A steel ladle, 
supported on stands, in 
position beneath the 
tapping spout of an 
open-hearth furnace, 
near the end of a tap 
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Fig. 15—29. Workmen, ma- 
nipulating a long steel 
rod through the wicket 
hole of the center door 
of an open-hearth fur- 
nace, drive out the solid 
material remaining in 
the partially cleared 
tap-hole at the rear of 
the furnace to “tap the 
heat.’* 



spout so as to give a swirling motion to the metal in 
the ladle which tends to mix and make it more homo- 
geneous. As soon as the liquid stream from the furnace 
no longer contains steel, and a depth of slag regulated 
by good practice remains as a covering for the steel in 
the ladle (excess slag having flowed from the ladle 
through slag spouts into a slag pot), the tapping spout 
is removed by a spout hoist and the ladle lifted from its 
supporting ladle stands by one of the pouring cranes 
and conveyed to a position over the ingot molds at the 
pouring platform. 

Ladles — A vertical section through a typical ladle 
used in basic open-hearth steelmaking is shown in 
Figure 15 — 30. The ladle shell itself is fabricated from 
steel plate by riveting or welding. The horizontal section 
usually is circular, but a greater capacity often is ob- 
tained for a given distance between the trunnions by 
use of an oval section. The diameter of the ladle in- 
creases toward the top to facilitate removal of the 
shell of metal that occasionally solidifies on the sides 
and bottom of the interior of the ladle and which com- 
monly is called a skull. 

The refractory lining of a ladle varies to some extent 
with the size of the ladle, the thinnest being Zy> inches 
thick. Thicker linings than this are the rule, and lower 
portions of the side wall usually are installed with an 



Fig. 15—30. (Left) Vertical section of a steel ladle through 
the trunnions, showing increased thickness of lining in 
its lower portions. (Right) Side view of same ladle. 


extra thickness of brick in that location to compensate 
for the additional time that this part of the lining is in 
contact with the molten metal. Extra thickness also may 
be provided in that portion of the side wall opposite 
the furnace spout which receives the impact of the 
stream of metal flowing from the furnace. 

The type of brick in most common use is fireclay 
brick which softens at a temperature as low as 2350® F; 
the brick bloats and swells to one and one-quarter 
times its original size. In service, only a fraction of an 
inch of the brick beneath the surface exposed to the 
molten metal actually reaches a temperature above 
2300® F, but this is an important consideration since 
it is this portion which expands (bloats) enough to seal 
the joints between the individual brick of the lining 
This characteristic of ladle brick provides a smooth, 
tight, almost monolithic working surface that increases 
ladle life by preventing the penetration of metal into 
the joints with subsequent premature lof 5 s of the lining 
during removal of a skull. Therefore, though it may 
have a somewhat lower resistance to erosion by molten 
steel and slag than a more highly refractory material, 
the fireclay type of brick usually is the most acceptable 
for this service. Ladle linings may be installed with a 
fireclay mortar but, because of the effectiveness of the 
bloating action in sealing joints, such linings frequently 
are installed without mortar except as a means for 
leveling up courses. All ladle linings must be dried 
carefully by gas, oil, or solid fuel fires prior to use. 

The working lining (that next the molten steel) lasts 
from 10 to 25 heats, and the life varies with the depth, 
basicity and fluidity of the slag, the composition and 
temperature of the steel, and the length of time both 
steel and slag remain in the ladle. 

Practically all basic open-hearth steel is cast from 
the bottom-pour type of ladle shown in the illustration. 
With this method of pouring, the stopper assembly 
acts as a valve to control the flow of metal through the 
nozzle at. the bottom of the ladle (Figure 15 — 31), 
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Ladle Nozzles — The external size of the nozzle is con- 
trolled largely by the capacity of the ladle and the 
thickness of the lining, but the length must be sufficient 
to produce a smooth, solid stream of metal through the 
central orifice, as free from turbulence and spraying as 
possible. The diameter of the orifice is determined by 
considerations such as the grade of steel or size of ingot, 
and may vary from to 3 inches in diameter. A typical 
nozzle for a 100-ton capacity ladle would be approxi- 
mately 6 inches in outside diameter and 12 to 15 inches 
long, with an orifice 1% inches in diameter. General 
purpose nozzles most frequently are made from low 
heat-duty fireclay and po.sscss properties very similar 
to those of the ladle brick previously described. They 
normally are very dense to reduce orifice erosion and, 
because of their low refractoriness, the surface of the 
nozzle seat softens to a depth of about ^ inch when in 
contact with molten steel. This condition provides a 
soft, yielding seat for the harder stopper head. A new 
nozzle usually is inserted into the nozzle retaining plate 
after each heat. Above the nozzle seat, a shallow well 
usually is formed with plastic clay or loam for the pur- 
pose of guiding the stopper head into the nozzle scat. A 



Fig. 15“ 31. Stopper rod, well, and noz/lc a.ssembly for a 
modern steel ladle, indicating materials of construction 
and method of installation. 


A — Gooseneck 
B -Key 
C — Slide 
D — Barrel 
E — Adjustment 
F —Control lever 
G — Rammed well 
H — Nozzle plate 
K — Nozzle 
L —Head 
M — Slope to drain 
N-Rod 


LEGEND 

O — Sleeve 
P — Stopper 

Q — Low-carbon steel rod 
R — Sleeve (fireclay brick) 
S — Steel key 
T — Flange on rod end 
U — Low-carbon steel bolt 

V — Head (graphite and 

clay) 

W — Undercut fill 
X — Ladle well profile 

Y —Fireclay nozzle 


pocket block or well block made of low or intermediate- 
duty fireclay burned to brick sometimes is used to 
form the well. Both nozzle and well must be dried 
thoroughly prior to use. 

Stopper ]^d Assembly — A typical stopper-rod as- 
sembly, as shown in Figure 15 — 31, consists of the steel 
stopper rod, refractory stopper rod sleeves, refractory 
stopper head, and steel stopper head pin by which the 
stopper head is keyed to the stopper rod. While other 
methods for securing the stopper head to the rod are 
used, the pin and key arrangement is employed by the 
majority of operators. 

The stopper head and nozzle constitute a valve and 
best results are obtained when one member is harder 
than the other at steel-pouring temperatures. Since the 
surface of the nozzle seat is normally quite soft under 
steel-pouring conditions, the industry now almost uni- 
versally employs the relatively hard clay-graphite 
stopper head composed of 15 to 25 per cent graphite 
blended with various highly refractory clays. 

Prior to tapping the heat into the ladle, the stopper 
is keyed rigidly into the nozzle seat and the entire nozzle 
and head area are preheated to insure dryness. 

The sleeves used to protect the steel stopper rod are 
manufactured in 9 and 18-inch lengths from fireclay 
which, when burned, has a similar or somewhat greater 
refractoriness than ladle brick. Their essential prop- 
erties are resistance to thermal shock, resistance to slag 
and metal attack, low thermal conductivity, and snugly 
fitting male and female parts. A plastic fireclay or air- 
setting refractory mortar is placed between the joints 
and the entire series of sleeves is drawn together by 
the nut on top of the rod. The metal flange at the lower 
end of the stopper rod takes the thrust of the sleeves 
during the tightening operation, preventing breakage 
of the head. After the completed stopper rod has been 
dried thoroughly and installed in the ladle, the sletwe 
nut is backed off about % inch per foot of stopper rod 
to provide for the thermal expansion of the sleeves. 

As shown in Figure 15 — 31, the ladle rigging required 
for raising and lowering the stopper rod consists ess(?n- 
tially of a barrel within which a square or cylindrical 
slide is operated by an appropriate lever arrangement 
placed at the lower end. The stopper rod is bolted, at its 
upper end, to a rigid stopper carrier, which in turn is 
keyed or bolted securely to the upper end of the slide. 
The entire rigging is attached to the side of the ladle 
.shell in a manner that permits a certain amount of 
lateral movement of the stopper with respect to the 
nozzle and the well, through proper adjustment of llie 
adjusting wheel and screw placed within reach of the 
steel pourer. Tliis adjustment can be made while setting 
the stopper or during the pouring of the heat. 

Proper manipulation of the pouring assembly to start 
or stop the flow of molten steel to the mold requires a 
thorough knowledge of the manner in which pouring 
affects the surface quality of steel ingots as well as an 
understanding of the refractories and equipment. 

Pouring — The pouring operation (Figure 15 — 10) is 
critical, first in controlling molten steel so that it does 
not endanger personnel or damage equipment, second 
because poor practice in the assembly, adjustment or 
manipulation of pouring equipment may seriously and 
adversely affect the surface quality of the product. 

One of the most important factors affecting the sur- 
face of the ingot and subsequent product is the rate of 
flow of the pouring stream and the resultant rate of 
rise of molten steel in the mold. This rate of rise is de- 
tennined primarily by nozzle size, mold size, tempera- 
ture and fluidity of the steel and height of metal in the 
ladle. 
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MOLTEN STEEL ENTERS HERE 



Fig. 15 — 32. Schematic 

arrangement and no- 
menclature of parts of a 
mold assembly for bot- 
tom pouring. 


The optimum pouring rate is determined primarily by 
the grade of steel, but is also dependent upon such 
factors as mold design, type of mold coating, and tem- 
perature of steel. 

Caution should be exercised to prevent dirt or re- 
fractory material from falling into the molds and be- 
coming entrapped in the ingot. 

Tun Dish or Basket Pouring— -As an alternative to 
casting steel directly from the ladle to the molds, an 
intermediate pouring vessel may be used. Such vessels 
are termed pouring baskets, pouring boxes, or tun 
dishes. They may be suspended from the main ladle, 
attached to the pouring platform or carried on an 
auxiliary carriage, or supported directly by the mold. 
The method usually involves pouring from the tapping 
ladle through a large nozzle into the pouring vessel. 
Steel may be poured into the molds from one or two 
smaller nozzles in the pouring vessel, one nozzle to a 
mold. 

Use of this practice is more costly than conventional 
pouring, but offers the following advantages: (1) greater 
opportunity for non-metallic inclusions to become sepa- 
rated from the metal, (2) less splashing in the mold, 
(3) the possibility of better control of pouring rates, 
and (4) a reduction in pouring temperature. 

Bottom Pouring — Some of the disadvantages of top 
pouring may be eliminated through the use of a bottom- 
pour assembly in which the steel is cast into a funnel 
lined with refractories, passes down through hollow 
refractory runner brick, and finally emerges to enter 
the bottom of various molds through outlet brick (Fig- 
ure 15 — 32) . The assembly of funnel and vertical runner 
t/hich receives the molten steel from the ladle is some- 
times called a fountain. The metal rises steadily in the 
molds with very little agitation since the main falling 
force of the stream from the nozzle is absorbed in the 
runner. One or more molds may be cast from the same 
fountain, so that the rate of rise can be varied also by 


the size and number of molds used. The cost of this 
operation involves more expense than for top pouring. 
However, it usually provides better surface quality for 
certain grades of steel. On the other hand, erosion of 
fountain and runner brick provides an additional source 
of non-metallic inclusions which may be a disad- 
vantage in some steels. 

Sampling the Steel— During the pouring of the heat, 
samples of the molten-steel stream from the nozzle 
(with the flow momentarily slackened) are taken in a 
steel spoon, containing a required small amount of 
aluminum wire to “kill” the sample. From the spoon, 
steel is poured into suitable diminutive cast-iron molds, 
depending on the method of analysis, to form test 
specimens for the chemical laboratory where they are 
analyzed by various methods for the elements which 
are significant. These are called the ladle analyses and 
are supplemented on some grades by additional check 
analyses on samples taken from blooms, billets or the 
finished products. 

After the poxiring of the heat of steel into molds is 
complete, the slag remaining in the ladle is dumped 
into slag ladles or pots which are subsequently con- 
veyed to the slag yard on special cars. The mold cars 
with the filled molds thereon are held at the pouring 
platform for various intervals of time, depending on 
the grade of steel made and arc then transferred to the 
stripper cranes where the molds are removed from the 
ingots or the ingots withdrawn from the molds. The 
removal of mold from ingot is called “stripping” (Figure 
15—11). 

Ingot Molds are of many types, shapes and sizes. In 
shape they vary from round, square or oblong molds to 
those occasion^ ones that roughly take the form of the 
section into which the steel is to be rolled. An example 
of the latter is the mold used to cast an ingot which is 
roughly of a beam shape which is finally finished as a 
large, wide-fianged beam. Generally, ingots to be rolled 
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are of square or oblong cross section, corrugated or 
fluted in some cases to minimize the cracking of the 
ingot surface as it solidifies and continues to cool. Ingots 
to be rolled into blooms or billets are usually of square 
cross section and those to be rolled into slabs and then 
into flat-rolled product are usually of oblong cross 
section. Ingots for forging are generally of a round or 
many sided cross section, corrugated or fluted. 

Ingot cross sections and weights must be established 
according to the final cross section in rolling and forging, 
and the weight per piece of final product, with due con- 
sideration to the rolling or forging equipment of the in- 
dividual plants which process the material to the final 
product. 

Molds usually arc tapered from one end to the other 
so that the top of the ingot cast in them is either smaller 
or larger than the bottom, according to whether the 
mold is of the big-end-down or big-end-up type (see 
also Chapter 20). Taper is necessary in both types to 
facilitate the stripping of the ingot from the mold. In 
the case of the big-end- up molds, taper also helps 
to emphasize the freezing from the sides and bottom in 
such a manner that the last part of the ingot remaining 
liquid is directly under the hot top, thus promoting 
soundness. The hot top itself may contain 10 to 15 per 
cent of the total ingot weight. 

Originally hot tops were refractory hollow -tile 
shapes, or metal casings lined with refractory material. 


placed upon the tops of the mold which usually were 
good for one pouring. At present, the larger proportion 
of hot tops are refractory-lined steel or iron castings 
with suitable coatings applied between pourings. The 
linings may last for twenty-five heats or more. Prac- 
tically all hot tops, whether of the lined-metal- casing 
or hollow-tile type, are now inserted into the top of the 
mold and are supported at various heights depending 
on the length and required weight of the main body of 
the ingot. Chapter 20 describes and illustrates the effect 
of a hot top. 

Mold wall thickness ranges from about 4 inches for a 
20-inch by 20-inch ingot to about 6 inches for a 32- 
inch ingot. For molds used to cast large ingots for 
slabbing mills, the wall thickness may be made some- 
what greater for optimum mold life. The life of ingot 
molds has been found to be a function of the ratio of 
mold weight to ingot weight. 

Ingot Height — ^There arc limits to ingot height, de- 
termined by such factors as desirable ingot structure, 
desirable rimming action in pouring, and design of the 
pit furnaces in which ingots are heated. 

Usually ingot molds are made of blast furnace or 
cupola iron, a relatively small proportion of cast steel. 
Big-end-down, big-end-up, open-top and bottle-top, 
open-bottom, plug bottom, and solid-bottom molds, 
along with mold coatings, are discussed at some length 
in Chapter 20. 


SECTION 6 

KEEPING THE BASIC OPEN-HEARTH FURNACE IN REPAIR 


Preparation of the Furnace for the Next Charge — 
After the runner or tapping spout is lifted and thus 
detached from the furnace, the slag and any steel that 
remains in tlie furnace flow out of the tapping hole 
into the cinder pit. The second helper must keep the 
tapping hole open until everything that can flow from 
the furnace has done so. Fluorspar usually is thrown 
in on the slag left so that it becomes sufficiently fluid 
to flow out and its building up on the bottom of the 
furnace prevented. Often the effective draining of the 
bottom is prevented by a ridge of lime adhering to the 
bottom, forming a dam which holds back the slag and 
steel. Usually at the start, lime ridges hold back only a 
small portion of the steel. This may seem insignificant, 
but if allowed to remain, these small pools will de- 
velop into larger pools of oxidized steel. Eventually this 
will result in a bottom boil that will allow the intrusion 
of steel below the surface by bringing up the basic 
material forming the bottom of the pools. Liquid slag 
and liquid steel held back by lime ridges or remaining 
in the bottom depressions can be disposed of most effec- 
tively by blowing with either compressed air or steam. 
This is done by reducing the fuel input to the furnace 
and inserting a long steel pipe through the wicket hole 
of the furnace door and applying air or steam under 
pressure. After all the steel and slag are removed, the 
smaller holes may be filled with prepared dolomite; 
however, the practice of repairing larger ones may 
differ in that magnesite may be used instead of dolomite, 
and the work of repairing the bottom may progress by 
sintering layer on layer of the refractory material in 
the holes. 

To reduce the time required for bottom repairs, pre- 
pared mixes high in magnesia content are now fre- 
quently used. These require a minimiun of time for 
sintering since the composition is regulated to make 
them “quick-setting” when properly mixed with speci- 
fied quantities of water at time of use. 


Another method of draining holes is to rabble the 
metal toward the taphole by means of rabble plates 
attached to bars. When dry (drained of slag and steel), 
the bottom is repaired in the same manner as when 
using air or steam for draining. 

The described methods are most advisable from the 
standpoint of bottom upkeep and economy of time. 

There are times, however, when the depth of the 
hole or its location will necessitate preliminary drain- 
ing. This may be done with an open tapping hole or 
by closing it after the furnace has been emptied. Next, 
fluorspar, scale, or ferrosilicon are placed on the ridges 
and the high spots of the bottom. The furnace is then 
operated with a hot flame which tends to soften and 
disintegrate the high spots in the bottom, allowing the 
metal in pools to run out of the furnace when the 
tapping hole is open. 

The practice of using erosive material should be re- 
sorted to only when absolutely necessary, as it tends to 
erode the good portion of the bottom as well. Extreme 
care should be exercised in draining off all eroded ma- 
terial prior to building up the bottom. While the eroded 
portion of the bottom is being repaired with the fuel 
on, the entire hearth is examined and simultaneously 
reconditioned. The fuel is shut off as soon as repairs to 
the bottom have been completed. 

Proceeding to the next step, the second helper and 
third helper remove the steel that has chilled in the tap- 
hole, rake out and free the hole of slag and steel, and 
close it up with dolomite. A plug of clay is used to seal 
up the outside of the hole and hold the dolomite in 
place. The banks are repaired by fettling either man- 
ually or with a dolomite machine and the furnace is 
ready for charging again. Use of the dolomite machine, 
in which a hopper-fed belt throws dolomite to the 
required position within the fiimace chamber, has be- 
come almost standard practice, especially in maintain- 
ing the hearths and banks of the larger furnaces. Op- 



OPEN-HEARTH PROCESSES 


319 



Fig. 15—33. Schematic diagram of the main working 
parts and principle of operation of a dolomite-throwing 
machine. Raising or lowering of the movable pulley 
(lower right) changes the trajectory of the stream. 


eration of one of these machines is illustrated in Figure 
15—33. 

Generally normal bottom maintenance should be ade- 
quate to preserve bottom contour so that all of the 
steel and slag flows out of the taphole and assures a 
reasonable amount of time for repairing the bottom. 
However, during the years of bottom life it is possible 
that, either due to the method of bottom maintenance 
or to the prevailing steelmaking practices, the nature 
and extent of bottom erosion may require general re- 
surfacing. The bottom is then given a thorough clean- 
ing as described above and built up again with 5 to 8 
inches of either magnesite or double burned dolomite 
applied as for a new bottom. 

The thick layer of newly sintered bottom effectively 
reduces bottom delays for approximately 300 to 400 
subsequent heats. 

Furnace Troubles — ^In the operation of a furnace, 
troubles of a very serious nature may occur at any 
time, unless the furnace is watched closely and care- 
fully handled. Thus, the taphole may break out pre- 
maturely if it is not properly tamped and capped, or it 
may become hopelessly clogged with frozen steel if it 
is not properly cleaned after each heat. Sometimes, 
sections of the bottom become detached, and these will 
rise at once due to the buoyant force of the metal; when 
this occurs the heat must be tapped at once, and no 
more heats may be charged until the damaged bottom 
is repaired. The ports in furnaces fired with producer 
gas require constant attention to prevent them from 
building up or meUing down, thus changing the angle 
of the ffame and spoiling the optimum heat transfer. 
Leaks may occur in the walls of the up-takes or down- 
takes of such producer gas furnaces, so that some gas 
is burnt before it reaches the hearth. The walls and 
roof often wear out long before the rest of the furnace 
needs repairing. Hoofs usually last for about 200 heats. 
The roof can be repaired in a few hours, and a cave-in 
of the roof is of a serious nature only when it falls 
when a heat is nearly finished. The most disastrous 
mishap that can occur to a furnace is a breakout. 
Breakouts may be caused by several things. A hole 
near a bank may not have been noticed or may have 


been insufficiently repaired, in which case the steel 
works down into it and gradually makes it deeper until, 
finally, the metal finds its way through the wall and 
out of the furnace. Sometimes, owing to a thin spot 
on the banks or to slag having worked down through 
the banks from above, the slag gradually cuts its way 
out through the walls, in which case it is usually fol- 
lowed by steel. Breakouts are always serious matters. 
Once a breakout occurs, the tapping hole should be 
opened immediately, and as much of the steel as possible 
tapped into the ladle or cinder pit. The spread of cin- 
der and metal upon the floor where a breakout has oc- 
curred can be contained usually by throwing dolomite 
around it. 

After several himdred heats, the checkerwork has 
become so badly clogged and the furnace brickwork is 
so eaten away that it becomes necessary to close down 
the furnace for general repairs, during which the 
greater part of the brickwork may be tom out and re- 
placed. 

Repair Materials — It is evident that, in making up the 
bottom and for doing the repair work about a furnace, 
much depends upon the materials employed. Great care 
always must be exercised to see that they are of the 
right chemical composition, and physically suited for 
the work in hand, as otherwise the best of workman- 
ship in making the repairs will go for naught. The few 
remarks here are supplemented in the chapter on 
refractories. 

Dolomite is found in deposits similar to those of lime- 
stone. Like the latter it varies in composition through 
quite wide ranges, but generally it may be stated that 
to be suitable for open-hearth work, it should not have 
over 1 per cent Si02. Three types of dolomite are used 
for repairing the furnace: 

(1) Raw dolomite for normal fettling and banking 
the doors. 

(2) Single burned dolomite prepared locally by 
burning dolomite in shaft kilns at a temperature 
of 2200 to 2300'*F, for normal fettling and minor 
bottom repairs. 

(3) S 3 mtheticaily prepared clinker dolomite in which 
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lime and magnesia are transformed into a crys- 
talline state by burning at a high temperature in 
a rotary kiln at which time some iron oxide is 
introduced as a flux. Generally this material is 
used to supplement raw dolomite and single 
burned dolomite, and for bottom repairs of a 
more serious nattire. 

Magnesite— Prior to the first World War, practically 
the entire supply of magnesite was imported from 
Austria. However, since that time, the demands of the 
American steel industry have been supplied predomi- 
nantly by domestic sources, principal of which is 
Chewallah magnesite in the State of Washington. There 
are several brands of magnesite available, both of 
foreign and domestic origin. Magnesites from sea-water 
magnesia have been introduced in competition with 
natural magnesite. 

Chrome Ore — Chrome ore has always been imported, 
as the limited deposits so far discovered in the United 
States and Canada are of an inferior grade for open- 
hearth use. It is received in the form of small lumps. It 


is ground and mixed, in a wet pan, often with some 
magnesite or suitable bonding material, and is used 
in repair work where a chemically neutral substance 
(neither acid nor basic in characteristics) is required, 
such as in patching flues, tapping holes, ports, and so on. 

The composition of an average sample of a satis- 
factory grade of this ore is shown below. 


Ingredient 

SiO, 

FeO 

MnO 

AlsOt 

CaO 

CraOi 

Loss on Ignition 


Per Cent 

4-9 

10-14 

Less than 1 
10-30 

Less than 2 
32-42 
1-3 


Besides these materials, a quartzite containing 98 to 
99 per cent silica is employed at some of the works, 
while all plants will use large quantities of loam and 
of fire clay for lining furnace spouts and ladles, for 
making up stopper-sleeve joints, and for other repair 
work of minor importance. 


SECTION 7 

FACTORS AFFECTING ECONOMY OF FURNACE OPERATION 


Fuel Consumption— Beside the fuel required for 
carrying on the metallurgical process of steelmaking 
from the beginning of charging to tapping the finished 
heat, it is necessary to burn fuel for heating the furnace 
to a temperature which permits the operators to begin 
the “buming-in” of the hearth, and for maintaining 
the proper temperature during the installation of the 
ftirnace hearth. In the periods between tapping of one 
heat and charging of the next, fuel is required for dry- 
ing and preheating ladles, drying ladle-stopper rods, 
maintaining metal mixers at the proper temperature 
level, heating tapping spouts, drying hot tops, preheat- 
ing ferroalloys, and sometimes thawing materials. Fuels 
used for other than actual furnace requirements may 
be of lower calorific value and consequently cheaper 
than those needed in the open hearth. 

The approach to an economical use of fuel in quan- 
tities per ton of steel produced is subject to a number 
of conditions, such as the kind of fuel used, continuity 
and rate of production, the design of the furnace (in 
which hearth area per ton of heat tapped and bath 
depth are important factors), the proper maintenance 
of the furnace, its walls, passages, the insulation and 
sealing against air leakage (on the parts of the furnace 
system where insulation and sealing are necessary), 
the degree of control of melting chamber pressure (so 
as to prevent infiltration of relatively cold air which 
lowers flame and bath temperature), the proportioning 
of air supply to fuel burning rate, the control of flame 
shape, its direction and coverage of the charge and 
bath, and the promotion of high radiating effects from 
flame to solid charge and to slag and molten bath, the 
proportion of molten pig iron used, the elimination of 
delays in introducing the charge into the furnace, the 
grade and type of steel to be made, and the care and in- 
telligence with which the himace is operated. Included 
in the last item are the very important matters of regu- 
lating fuel consumption rate in proportion to metal- 
Ixirgical requirements and of timing the reversals of 
the regenerator system and the fuel flow so that the 
transfer of heat from waste gases to preheat the air 
for combustion is made at the maximum level of 
efficiency. This timing is determined and carried out in 
modem practice by ^e ass i sta n ce of automatic devices 


which are actuated by pyrometers installed in the re- 
generator system. Modern control and indicating equip- 
ment give the furnace operator a good visual indi- 
cation of fuel rate and help to select a rate of air supply 
for combustion according to predetermined proportion 
of air weight to fuel weight. 

A list of the controls and instruments related to fuel 
burning, with which a largo number of modern open- 
hearth furnaces are equipped, follows: 

(1) Control and recording gage for atomizing-steam 
pressure. 

(2) Control and recording flowmeter for coke-oven 
or natural gas. 

(3) Control and recording flowmeter for liquid fuel. 

(4) Automatic furnace-pressure control and record- 
ing pressure gage. 

(5) Recording draft gage. 

(6) Recording pyrometers for checker temperatures, 
waste-heat boiler, and stack temperatures. 

(7) Fuel-air ratio indicator. 

(8) Forced-air control, including predetermined 
automatic fuel-air ratio control. 

(9) Roof-temperature indicator, with automatic roof- 
temperature control of part of the fuel rate. 

The calorific value of fuel usually is expressed by its 
gross heating value in British thermal units per unit of 
volume, weight or liquid measure. These concepts were 
discussed in Chapter 3 on fuels. 

Fuel consumption in terms of total calorific value of 
the fuel used per ton of steel produced usually is ex- 
pressed in total net heating value of the fuel (millions 
of Btu) per ton of ingots produced. In the steel industry, 
the range of fuel consumption by open-hearth furnaces 
is from 3,000,000 to 4,000,000 Btu per net ton for furnaces 
in which molten pig iron is used to 4,200,000 to 5,300,000 
Btu when the charge is all cold. The heat balance of a 
modem basic open-hearth furnace is shown schemati- 
cally in Figure IS — 34. 

Rate of Steel Production — ^Practically all of the condi- 
tions given above for an economical use of fuel are ap- 
proximately though not necessarily precisely those 
which provide maximum rate of steel production for a 
given quality requirement in the product Thus it may be 
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HEAT OUTPUT 

540.000 BTU PRESENT IN SENSIBLE 1 
HEAT LOST IN STACK GASES J 

960.000 BTU ABSORBED IN MAKING 
STEAM FOR PLANT USE 

900.000 BTU OF HEAT ACTUALLY 
USED TO MAKE STEEL 

1,200,000 BTU LOST BY RADIATION, 
ESCAPE OF HOT GASES 
THROUGH DOORS,. ETC 
THROUGHOUT SYSTEM 


HEAT INPUT 

3,200,000 BTU ^SUPPLIED TO THE 
FURNACE BY THE COM- 
BUSTION OF FUEL 

400,000 BTU ORIGINATING FROM 

HEAT PRODUCED BY CHEM- 
ICAL REACTIONS IN BATH 


z.noo.ooo BTU nr this quantity in n row meat- 
INO OlHEN THAN IXECrENS lyOn.OOQ BTU mo rO 
HEAT UHtMCPS ANO •MMULTANEOUBI Y HCUMCRED IN 


HEAT BALANCE 

OF A 

MODERN OPEN-HEARTH FURNACE 

BASED ON A ICAT INPUT (FROM FUEL) OF 3,200,000 BTU PER TON OF STEEL PRODUCED 



Fig. 15—34. Heat balance of a modem basic open-hearth furnace. 


possible to operate a furnace on the low fuel rate of 
3,000,000 Btu per net ton of ingots, but it may be neces- 
sary to increase this fuel rate by at least ten per cent 
above this in order to increase the tonnage rate to that 
desired. The conditions which improve production rate 
(in addition to those which were discussed in the sec- 
tion dealing with fuel consumption) include the follow- 
ing: relatively large hearth area per ton and relatively 
small bath depth (these can be considered as matters 
related to furnace design), size of heat in tons, ability 
to burn fuel at a high rate in melting down the solid 
part of the charge, iron ores for the charge which are 
relatively superior in physical and chemical properties 
(for example, more massive, low in fines, low in silica 
and water of crystallization), silicon in the molten and 
cold pig iron held within a specified maximum, bundling 
and pressing of light scrap to promote rapid charging, 
rapid preliminary analyses of bath samples, careful 
planning and carrying out of the process procedure for 
each grade and quality of product. 

The use of oxygen or compressed air with the fuel 
stream and of oxygen in eliminating carbon from the 
bath increase the rate of production. Oxygen or com- 
pressed air are of particular value as combustion aids 
during the melting down of the solid part of the metal- 
lic charge (scrap, cold pig iron) and will show the 
greatest effect in speeding up production rate in fur- 
naces as the ratio of the cold to molten parts of the 
charge increases, the effect being much less when large 
proportions of hot metal are used. The oxygen usually 
is introduced through the regular liquid-fuel burner, 
with the oxygen jet entering just below the fuel jet. 

Twenty-four tons per 1000 square feet of hearth area 
per operating hour where the area of the bath is taken 


on the brick work at the door sill level before rammed 
or bumed-in sections of the furnace hearth are installed 
(see Section 3) may be considered a satisfactory operat- 
ing rate for a larger furnace (200 tons and up). The 
effect of hearth area of open-hearth furnaces on pro- 
duction rate in tons per operating hour for various fur- 
nace capacities (rated in size of heat tapped) have been 
reviewed recently for the American steel industry, and 
the relationships are given in Table 15 — III. 


Table 15 — 111. Effect of Hearth Area on Open-Hearth 
Production Rate 


Hearth Area 
Per Ton of 
Capacity 

Output in Net Tons per 
Operating Hour 

Furnace Capacity 

200 Tons 

150 Tons 

100 Tons 

3.50 to 4.00 

18.4 

13.7 

92 

4.00 to 4.50 

19.2 

14.4 

9.6 

4.75 and over 

202 

15.2 

10.1 


When waste heat boilers are used, the exhaust fans in 
the system assist in maintaining high production rates 
by maintaining uniform drafts to give the desired re- 
moval of waste gaseous products. 

The kind of refractories used is important in pre- 
venting relatively early failure of the furnace hearth 
chamber and port ends, in maintaining the contour of 
the inner surfaces of the areas of the above exposed to 
high temperature and hot gases and, consequently, an 
important factor in promoting continuity of operation. 


SECTION 8 


THE CHEMISTRY OF BASIC OPEN-HEARTH MELTING 


In melting down, the item of greatest interest is the 
action of flame and furnace atmosphere upon the charge. 
The charge at the beginning consis^ generally of steel 


scrap, but may consist of both cold pig iron and scrap; 
the pig iron with a low melting range around 2100® F, 
and the scrap with a melting range of 2500 to 2700*F. 
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Tabic 15 — IV. Compositions of First Slag Formed in 
Basic Open-Hearth Heats 


Constituent 

Slag from 
Furnace A 
(Per Cent) 

Slag from 
Furnace B 
(Per Cent) 

SiOa 

8.54 

1.00 

FeO* 

61.05 

78.24 

Fe«0*** 

11.10 

15.31 

MnO 

2.31 

0.81 

PaOa 

0.26 

0.14 

AhO. 

1.98 

2.70 

CaO 

9.13 

2.70 

MgO 

5.48 

1.12 


0.16 

0.25 


* As calculated from analysis for ferrous iron. 

••As calculated from analysis for ferric iron. 

••• Nature of sulphur-bearing slag constituents unknown. 

At the start, the temperature is low due to the large 
heat absorption from the flame by the relatively cold 
charge. If the fuel contains sulphur, the metal may ab- 
sorb some of this element as the temperature rises, al- 
though the amount may be small if conditions are main- 
tained to give rapid and complete combustion of the fuel 
with a proper excess of oxygen as noted elsewhere. Dur- 
ing the melting, which begins with the metal at the top 
of the charge and progresses gradually downward, iron 
may bo oxidized by the gases oxygen, carbon dioxide, 
or water vapor. For a given furnace atmosphere, the 
amount of iron oxidized will depend on the “bulk 
density” of the charge, oxidation being the least in pig 
iron, and the greatest in the lightest steel scrap because 
of the much greater surface area exposed by the latter 
to the gases. The degree of oxidation of the scrap is an 
important factor as the oxides formed are equivalent in 
action to any ore which might have been charged to 
furnish oxygen for the elimination process. 

The other elements which may be oxidized diuring 
melting either by the atmosphere or by oxides of iron 
from the oxidation of the scrap are carbon, manganese, 
phosphorus and silicon, all of which are always present, 
and chromium, vanadium, aluminum, titanium, timg- 
sten, columbium, zinc, etc., all of which may or may not 
be present. The oxides of some of these elements may be 
reduced later, in the working period, depending on the 
amounts present and the composition of the slag formed. 
In the case of all the oxidizable impurities (except 
carbon, where the oxidation product is a gas) , there will 
result eventually a condition approaching equilibrium 
where they distribute themselves between slag and 
metal as determined by the natural laws governing 
heterogeneous systems for the chemical reactions in- 
volved. Other elements which may be present, such as 
copper, nickel, molybdenum, cobalt, tin, arsenic, etc,, 
are held in the iron because the iron would have to be 
completely oxidized before these elements could be re- 
moved by oxidation. Proof of these statements may be 
had by analysis of the first slags formed, which collect 
with the molten metal in certain parts of the furnace 
before all the scrap is melted. Results of analyses of two 
of these slags are shown in Table 15— IV. 

CHEMISTRY OF THE ORE BOIL 

The reactions following the melting period depend on 
the make-up of the charge. With a high scrap charge, no 
ore may be chstrged, because oxidation of the scrap dur- 
ing melting can furnish the desired amount of oxygen. 
With no charged ore, or a smaller charge of ore, the 
limestone charged also may be reduced by the amount 


that would have been required to flux the silica in the 
ore, and the silica from silicon in extra pig iron. Like- 
wise, the oxidizing effect of the CO* from calcination of 
the stone will not be as necessary because of greater 
oxidation of a larger amoimt of scrap. The following 
description is for the usual scrap and pig iron charge, 
with the pig iron added in the molten condition after a 
part of the scrap has been melted and the temperature 
of the hearth and contents is high enough to prevent 
solidification of the molten metal. As soon as this hot 
metal is added, reactions begin between the silicon, 
manganese, phosphorus, and carbon of the pig iron, first 
with the oxygen supplied by oxidation of the scrap and 
later with ihe oxygen supplied by the charged ore as 
melting progresses. These reactions are exothermic and 
help to keep the iron molten, as well as contributing to 
the general supply of heat to the furnace. In general, 
these elements are oxidized out of the metal in the order 
silicon, manganese, phosphorus, and carbon. The reac- 
tions representing the oxidation of these elements, may 
be represented by the following equations; 

1. Si (in Fe) + 20 (in Fe) = SiO* (solid) 

2. Mn (in Fe) + O (in Fe) = MnO (solid) 

3. 2P (in Fe) -f 50 (in Fe) -f 

4 CaO (solid) = 4 CaO PaO* (liquid) 

4. 2C (in Fe) + 30 (in Fe) = 

CO (gas) + COa (gas) 

The above reactions express equilibria; that is, they 
may proceed from left to right or right to left, depending 
on the relative activities of the substances involved. Re- 
action (1) results in the formation of the acidic oxide 
SiOa, which is insoluble in iron, and in the liberatiofn of 
heat. Reaction (2) likewise furnishes heat, but results in 
the formation of the basic oxide MnO, which is only 
slightly soluble in iron. It will be noted that reaction (3) 
includes the slag-forming compound CaO. The reason 
for this is that the high vapor pressure of PaOs precludes 
the possibility of its existence in the free state, yet 
analysis of slags always shows phosphorus present as 
the phosphate, indicating that PaO* is formed in the 
oxidation. It is probable, therefore, that the oxide of 
phosphorus combines with lime to form 4Ca0*p20n. 
This is borne out further by the fact that the reaction 
will be reversed quickly provided sufficient oxygen is 
not available or the amount of lime over that required 
to balance the other acidic oxides is insufficient, allow- 
ing the phosphorus to return to the metal. Reaction (4) 
produces the gases CO and CO* in proportions depend- 
ing on the carbon content of the bath. Usually over 90 
per cent of the gas is CO, which bums to COa, as it 
bubbles off the bath. The elimination of carbon, there- 
fore, produces no oxide which requires a flux for its re- 
moval from the iron. There should be supplied to the 
furnace atmosphere sufficient air to oxidize the CO to 
COa in order that oxidizing conditions will obtain. 

In order that the transfer of silicon and manganese 
from the metal to the slag may be visualized clearly, 
the reactions above must be supplemented by others 
involving neutralization as well as oxidation. In the case 
of phosphorus, this neutralization already has been 
indicated. 

Oxidation and Neutralization of Silicon and Manga- 
nese — Since silica is strongly acidic and iron oxide and 
manganese oxide are basic, all or a large part will be 
neutralized to form fusible silicates of iron and m^ga- 
nese. These will be a major constituent of the first slag, 
which is formed before the lime boil. As soon as lime 
begins to rise from the bottom of the furnace, these 
silicates will be broken down with the formation of 
calcium silicates as explained later. 
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Behavior of Sulphur during Melting and the Ore 
Boil— Compared with the elimination of the other im- 
purities, the removal of sulphur from the steel in the 
open hearth is relatively inefficient. As a consequence, 
an attempt is made to keep the amount of sulphur in all 
the raw materials at a low value. Fuels other than 
natural gas contain varying amounts of sulphur, and 
during the melting period it is not uncommon that the 
scrap may absorb sulphur from the furnace gases. This 
may be minimized by maintaining more oxidizing con- 
ditions in the furnace so that the sulphiir is converted 
quickly to SOa, in which form it is absorbed less readily, 
and by melting rapidly so that the scrap is exposed for 
the shortest possible time. 

It is probable that sulphur in liquid iron exists as iron 
and manganese sulphides, and it is possible that it exists 
in the slag either as calcium sulphide or as calcium 
sulphite or sulphate. Since it is impossible to analyze 
slag and metal for individual sulphides, no exact chem- 
ical mechanism for sulphur removal has been estab- 
lished. It is usual, consequently, to express the reaction 
as a simple ratio of “sulphur in slag” to “sulphur in 
metal.” Neither iron sulphide nor manganese sulphide 
can be oxidized in the open hearth, so that the ratio is 
not affected by the state of oxidation of the metal, but 
only by slag composition. Higher ratios arc found for 
the more basic slags, containing free lime. As the slag 
becomes more basic later in the heat, the ratio becomes 
more favorable for sulphur removal, but in spite of this 
fact, raiely more than 50 per cent of the sulphtir in the 
metal can be removed without using excessive slag 
volumes. 

CHEMISTRY OF THE LIME BOIL 

Before the refining reactions described above are 
completed, the limestone will have reached its calcin- 
ing temperature and begun to give off CO* in accord- 
ance with the following reaction: 

CaCOa (solid) — CaO (solid) 4 - COa (gas) 

This reaction starts at about 1475° F, but progresses 
only slowly even at higher temperatures, because it is 
endothermic and because the limestone is charged in 
large lumps exposing relatively little surface. The CO3 
formed by the calcination reacts with the iron or one of 
the metalloids to form oxides, and thereby contributes a 
considerable proportion of the oxygen required by the 
process. One end product of this oxidation is CO, which 
bubbles through the bath and produces a desirable 
agitation which promotes the absorption of heat from 
the flame by the bath. 

The CaO which is a product of the calcination, floats 
to the slag and replaces iron and manganese oxides as 
previously stated, forming calcium silicates and aiding 
in the removal of phosphorus. As more lime becomes 
available, the basicity of the slag increases, favoring the 
removal of sulphur by increasing the sulphxm-holding 
power of the slag. 

The slag now represents a liquid mixture of some 
complexity, consisting of calcium silicates, or double 
silicates of calcium and other bases, sulphates or sul- 
phides, calcium phosphates or double phosphates, iron 
oxide, manganese oxide, with oxides of the other 
oxidizable impurities in the charge, plus such com- 
pounds as alumina, magnesia, chromic oxide, etc., 
gathered from ore, limestone, and refractories. The 
nature of open-hearth slags is very complex and not 
completely understood, since it is very difficult to 
study the slag while in the liquid state. 

Preliminary Adjustments in the Slag; Objects of 
Run-Off — It is evident from the preceding discussion 
that a certain excess of calcium oxide over that required 


to neutralize the silica is necessary to assure lowering 
the phosphorus content to the small proportion desired 
in nearly all basic steel. Also, it has been established 
that for practical phosphorus elimination, the ratio of 
lime to silica should be at least 2:1, corresponding to 
the formula 2 Ca 0 *Si 02 . Provided the total silicon con- 
tent in the charge is known and all the slag formed is 
held in the furnace until the steel is tapped, this rela- 
tion makes it easy to calculate the total limestone re- 
quired. 

With a high iron charge and, therefore, a high silicon 
content in the charge, keeping all the slag in the furnace 
may make it difficult to control the temperature of the 
bath because of the thickness of the slag layer. The fuel 
input needed to drive heat through a thick insulating 
slag layer may also lead to overheating the furnace roof. 


Table 15— V. Typical Composition of Hot Metal, 
Run-Off Slag, and Finishing Slag for 55% 
and 70% Hot Metal Practice 



55% Hot Metal Practice 

Heat 

Composition 


Composition of 

No. 

of Hot 


Slag (%) 



Metal {%) 


Run-Off 

Finish 

1 

C —4.26 

SiO, 

26.4 

18.4 


Mn— 2.36 

CaO 

14.1 

45.0 


P —0.271 

FeO 

22.3 

12.2 


S —0.029 

FeaOa 

3.0 

3.4 


Si —1.33 

MnO 

21.6 

8.6 



A 1 . 0 . 

2.9 

2.5 



MgO 

6.5 

5.9 



P*05 

2.4 

3.4 



S 

0.08 


2 

C -4.35 

SiO* 

22.2 

18.1 


Mn— 2.23 

CaO 

14.6 

43.2 


P —0.273 

FeO 

29.3 

11.6 


S —0.028 

FOaO* 

3.6 

3.3 


Si —1.43 

MnO 

18.4 

7.7 



ALO* 

2.3 

2.8 



MgO 

4.9 

7.8 



Pa05 

3.0 

2.6 



S 

0.08 

0.09 


70% Hot Metal Practice 


Composition 


Composition of 


of Hot 


Slag (%) 



Metal (%) 


Run-Off 

Finish 

1 

C -4.32 

SiO* 

19.2 

17.7 


Mn— 2.20 

CaO 

7.5 

45.9 


P —0.255 

FeO 

42.8 

11.1 


S —0.030 

FeaOa 

4.6 

4.3 


Si —1.34 

MnO 

15.8 

6.3 



ALO. 

2.5 

4.0 



MgO 

3.7 

6.2 



P«0» 

2.5 

2.6 



S 

0.09 

0.06 

2 

C -4.32 

SiO. 

17.8 

19.2 


Mn— 2.13 

CaO 

9.7 

43.4 


P —0.273 

FcO 

37.9 

9.4 


S —0.023 

Fe.Os 

7.4 

2.5 


Si —1.18 

MnO 

14.5 

12 



AljO. 

2.5 

3.7 



MgO 

5.2 

7.3 



P.O« 

2.7 

2.9 



S 

0.07 

0.06 
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Furthermore, the silicon content of the charge may not 
be known at the time the limestone is charged. These 
difficulties may be overcome by the run-off. If the fur- 
nace has been charged to hold the limestone on the 
bottom and the nm-off is timed to begin shortly after 
addition of molten pig iron and before the lime boil be- 
gins, a large portion of the silica and phosphorus are 
carried out of the furnace, as shown in Table 15— V. The 
run-off slag, of course, carries with it the iron and 
manganese oxides in this early slag which may make 
necessary further additions of ore to obtain rapid 
elimination of carbon. If the charging of the furnace, 
the timing of the addition of hot metal, and the run-off 
are managed skillfully, the silicon remaining to be 
neutralized with lime can be reduced to a small and 
almost constant amoimt, making possible a relatively 
small limestone charge. Since lime can bo of service only 
in the slag and the calcination of the limestone absorbs 
heat, holding the limestone charge to a minimum not 
only decreases slag volume and cost of flux, but gives 
increased production with a decrease in fuel consump- 
tion. 

Finally, attention should be given to the timing of the 
run-off to see that the temperature and fluidity of the 
run-off slag are sufficiently high and that the state of 
agitation of the bath is such that mixing of run-off slag 
and metal is not occurring extensively during the out- 
ward flow of slag. If conditions are not thus maintained, 
a disproportionate loss of metallic iron from the bath 
will result from metallic particles carried out with the 
run-off slag. 

CHEMISTRY OF THE WORKING PERIOD 

The chief aims during this period are to oxidize the 
remaining phosphorus out of the metal and neutralize it 
in the slag, to eliminate the carbon to the percentage 
desired for the start of the flnishing period, and to raise 
the temperature of the bath to a point suitable for 
finishing and tapping the steel. To eliminate carbon, 
oxygen dissolved in the bath is necessary, and to oxidize 
and neutralize phosphorus both oxygen in the metal and 
calcium oxide in the slag are required, as indicated by 
the reactions in the discussion above. The rate of oxida- 
tion of the carbon must be kept in step with the rise in 
temperature, since the melting point of the metal bath 
rises as the carbon decreases. Although it has been 
pointed out that the reaction between carbon and oxygen 
dissolved in the bath is exothermic, it is not suf- 
ficiently so to furnish enough heat to supply that re- 
quired for the decomposition and solution of the ore, so 
that the net over-all reaction requires the addition of 
heat. In addition, the oxidizing power and basicity of the 
slag must be controlled to give the best finishing con- 
ditions for the different grades of steel. Since it is 
through the slag that the refining reactions in the metal 
are accomplished, this control involves control of the 
temperature and the physical and chemical properties 
of the slag. The agents for controlling slag composition 
and properties arc numerous, including ores, lime, lime- 
stone, sand, fluorspar, etc., but for economy the skilled 
melter will depend on iron ore, or other iron oxides, 
and calcium oxide. Any control system must be based 
upon chemical composition of the raw materials, and 
upon tests systematically made during the heat. The 
system may be based chiefly on slag tests, chiefly on 
metal tests, or both. Whatever the system, it must meet 
the requirement that it will give the melter a true pic- 
ture as to the exact changes the metal is undergoing, 
both in temperatxire and composition. Much study has 
been given to all phases of this subject by many investi- 
gators and research workers, but practices still vary to 


such an extent that no one example can be selected as 
truly illustrative of the many practices in this part of 
the process. 

Limitations of the Various Systems of Control— All 
three items for control; namely, temperature, slag 
composition, and metal composition, as well as the three 
systems of control, are limited by the ability of the 
chemist, physicist, and metallurgist to provide reason- 
ably accurate methods for the determination of the 
temperature and the various components of the slag 
and metal that are sufficiently rapid to be of value as 
instruments of control. The following determinations 
have been developed to a stage that can be considered 
satisfactory for this work: 

1. Temperoture— While most melters adhere to the 
empirical methods of “cutting a rod,” visual observa- 
tion, or pouring metal from a spoon to estimate tempera- 
tures, these methods gradually are being supplemented. 
By radiation pyrometers sighted on the roof of the fur- 
nace, the heat input to the bath can be controlled at the 
maximum allowable by the roof refractories. Similar 
pyrometers installed so as to sight on the checkers are 
used for automatic reversal of the burners, and the 
valves in the flues, thereby giving most efficient opera- 
tion of the regenerative system. The temperature of the 
metal bath may be measured by “quick immersion” 
thermocouples or by photronic or radiation pyrometers 
sighting on the bottom of a tube inserted into the bath. 
The readings of these instruments are sufficiently re- 
producible to provide control. Optical pyrometers are 
used to measure temperatures on tapping and pouring. 

2. Slag Control — Rapid chemical methods exist for 
determining contents of total iron, ferrous iron, ferric 
iron and manganese. The results usually are expressed 
as the oxides FeO, FeaOa, and MnO. Chemical methods 
for determining lime, silica, phosphorus, etc., are too 
slow for control purposes. Spectrographic methods now 
exist which will determine the lime-silica ratio in about 
5 minutes. Other control tests are primarily physical. 
Slag pancakes may be used to estimate both basicity and 
iron oxide content, and serve well when used by ex- 
perienced melters. Another control method is measure- 
ment of fluidity or viscosity by a flow test. The flowing 
properties of a slag depend on temperature as well as 
composition. 

3. Mctttl Control — The carbon content of the bath can 
be determined in 3 to 15 minutes, depending on the 
composition of the bath. Physical tests for carbon, such 
as fracture, Carbometer, or Carbanalyzer tests, require 
3 to 10 minutes. Chemical tests for carbon require 7 to 
15 minutes. Manganese can be determined chemically in 
10 to 15 minutes, and spectrographically in less time. 
Reproducible results for oxygen, sulphur, and phos- 
phorus can be obtained in 20 to 30 minutes, where 
proper facilities for rapid preparation of the sample are 
available at the open-hearth floor. Chemical analysis 
for silicon requires 30 to 40 minutes for accurate results, 
although this element may be determined spectro- 
graphically in 5 minutes with accuracy comparable to 
chemical methods for control purposes. Chemical or 
spectrographic analysis is frequently made for the 
“residual elements,” such as copper, nickel, molyb- 
denum, chromium, tin, etc., which enter with the scrap. 

The spectrographic methods are considerably more 
rapid than chemical methods for determining residual 
elements. 

Laws of Chemical Action— The general laws of chem- 
ical action which relate to reactions within and be- 
tween slag and metal are given below. As to their prac- 
tical application to the control of reactions in the open 
hearth, much depends on the ability of the individual 
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who is attempting to apply them to analyze the complex 
mixtures he has to deal with and then isolate each 
simple component for study in relation to all conditions 
affecting a given reaction. However, these laws will 
serve as guide posts in predicting in advance what will 
happen when changes are made in the conditions exist- 
ing in the furnace. These laws, five in number, are 
named and stated as follows: 

1. Nernsfs Law of Distribution — ^The ratio in which a 
dissolved substance distributes itself between two im- 
miscible solvents is a constant at constant temperature. 

2. RaouWs Law — ^The addition of a non-volatile solute 
to a solvent causes at any temperature a fractional 
lowering of the vapor pressure of the solvent equal to 
the mol fraction of the solute. 

3. Henry s Law — ^The partial pressure of a substance 
in dilute solution is proportional to the mol fraction of 
the dissolved substance. 

4. Law of Mass Action — ^Whatever the initial concen- 
trations of gaseous or dissolved substances involved in 
any definite chemical reaction, such as may be expressed 
by the general equation aA -f bB = cC -h the re- 
action will always take place so that when equilibrium 
is reached (at a specific temperature) the conditions are 
such that they will satisfy the equation 


(O' X (D)^ , ^ 

1-1 1 — 1- = a constant 

(A)' X (B)** 


where (A), (B), (C), (D) denote the molar concentra- 
tions of A, B, C, and D in the equilibrium mixtures and 
a, b, c, and d represent the number of mols of the species 
A, B, C, D as expressed by the chemical equation. 

5. vajit Hoff's Law— The effect of temperature on a 
system in equilibrium will be such that the reaction will 
occur in such a direction as to oppose the change in 
temperature. For instance, if the temperature is raised, 
the reaction will proceed in the direction which will 
absorb heat. 

The question of whether or not the open-hearth 


process is an “equilibrium” process has been debated 
often. According to a strict definition of equilibrium, 
concerned with all phases of the process, obviously the 
system is not in a state of equilibrium because the con- 
ditions are being changed constantly by such things as 
additions to slag and metal or variation of temperature. 
At the temperature involved in steelmaking, it is prob- 
able that reactions progress at an extremely rapid rate 
and consequently follow the changed conditions closely. 
Therefore, it may be said that with respect to the react- 
ing species, or individual reactions, equilibrium is ap- 
proached closely; while the whole aim of the operator 
of the furnace is to shift these equilibria, by the means 
imder his control, towards the conditions desired when 
the heat is to be tapped. There can be no doubt that the 
natural laws apply to the steelmaking reactions, so that 
while the thermodynamic relationships between sub- 
stances reacting in an open-hearth furnace have not 
been thoroughly determined, tlie natural laws can at 
least be used to make intelligent predictions as to the 
effect of a condition change. 

Composition of Slags — ^A normal basic open-hearth 
slag, such as the meltcr has to deal with at the end of the 
lime boil, may be considered as a fused mixture of the 
oxides formed by the oxidation of the manganese and 
metalloids in the charge, together with the calcium 
oxide formed by the calcination of the limestone, and 
iron oxides from the charged ore and from the oxidation 
of scrap. Other oxides which may be present are mag- 
nesia and alumina, derived from the ore charged and 
from the hearth refractories, and oxides of other oxidiz- 
able elements which may have been present in the 
charge in small amounts; for instance, chromium, 
vanadium, and titanium. Sulphur is also present in the 
slag, in a form at present unknown. These many com- 
pounds arc capable of forming numerous chemical and 
physical combinations so that the properties of indi- 
vidual components may be no indication of the prop- 
erties of the mixture as a whole. 



Fio. 15—35. Phase diagram of the system CaO-FeO-SiOg (Prom “Basic Open 
Hearth Steelznaking,” published by AIMS). 




FeO MnO 

Fig. 15—36. Phase diagram of the system FeO-MnO-SiO,. (Same source 
as Fig. 15-35). 


A large amount of experimental work has been per- 
formed, chiefly by thermal analysis and by the petro- 
graphic microscope, to determine the molecular species 
which may be present in a slag at different stages of a 
heat. Since both of these methods are subject to limita- 
tions, the deflnite existence of specific sp^ies in liquid 
slag has not been proved, but there is sufficient evidence 
to lead to the belief that the complex compoimds most 
likely to exist, perhaps partly ionized, at various stages 
of a heat, include: 


2FeO'SiOfl flron-manganese 

2Mn0Si0.h'- 2(FeO,MnO) SiO...| 

2CaO‘SiO« or 4CaO’2Si03 Di-calcium silicate 

3CaO*SiOs Tri-calcium silicate 

4Ca0 Ps06 Calcium phosphate 

FeO'PaO* Ferrous phosphate 

FeS 'I 

> or (Fe,Mn)S Iron-manganese sulphide 

FeO Ferrous oxide 

FeaOa Ferric oxide 

CaO (free) Calcium oxide 


CaO'FeaO* Mono-calcium ferrite 

2Ca0 Fe303 Di-calcium ferrite 


Phase diagrams for numerous slag systems have been 
developed which are useful in interpreting slag be- 
havior. Examples of two- and three-component dia- 
grams are given in Figures 15 — 35 to 15 — 38, inclusive, 
as well as in Chapter 8 on “Refractories.” 

Slag Composition in Relation to Refining Reactions— 
Since the basic open-hearth process is both chemically 
“basic” and oxidizing in nature, the melter must concern 
himself with the effects of changes in slag composition 
on these two factors. 

Basicity of a slag may be defined as the ratio of the 
“basic” components of the slag to the “acid” ones. The 
most important “base” is CaO, while the most important 
“acid” is SiOa; therefore, the simplest basicity ratio is 
CaO/SiO*. Numerous refinements of this ratio have been 
suggested in an effort to arrive at a more exact measure 
of basicity, but for usual control purposes the simple 
lime-silica ratio is satisfactory. 

Under a pure iron oxide slag the solubility of oxygen 
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Fig. 15—38. Phase diagram of 
the system 2CaO* SiOs-2FeO' - 
SiO,. (Same source as Fig. 
15-35.) 



in pure iron has been found to be a simple function of 
temperature, varying from about 0.18 per cent at the 
melting point of iron to 0.34 per cent at 3092“F (1700® C) . 
In the open-hearth furnace neither pure iron nor a pure 
iron-oxide slag exists, and the solubility of iron oxide 
has been found on the average to be related to the 
simple CaO/SiOs ratio as shown in Figure 15 — 39. This 
average behavior was obtained from a statistical study 
of a large number of low-carbon heats and serves to 
point out the effect of slag composition on the all- 
important transfer of oxygen from slag to metal. For 
example, if the lime-silica ratio is 2 to 1, then (from 
the chart) the ratio of “FeO in slag’* to “oxygen in 
steel” is 200 to 1. Then, if the percentage of FeO in the 



Chipman.) 


slag is 10, the percentage of oxygen in the steel is 0.05. 
This simple relation does not apply to the slags formed 
during meltdown, but only to the mature slags formed 
after most of the lime has entered the slag. 

The elimination of phosphorus requires that the slag 
be both highly oxidized and basic. In the early stages of 
the heat before the lime boil, a variable portion of the 
phosphorus may be held in the slag and eliminated in 
the run-off. 

Winkler and Chipman, using synthetic slags, showed 
that increasing the lime-silica ratio produced dephos- 
phorization up to a value of about 2.75. After this value 
was reached, only an increase in iron oxide in the slag 
produced further phosphorus removal. The importance 
of iron oxide in the slag is observed in the furnace 
where phosphorus may revert to the steel if the iron 
oxide content of the slag is reduced to too low a value 
by virtue of a furnace block or the addition of a de- 
oxidizer. 

The distribution of sulphur between slag and metal 
likewise is affected by slag composition. In general, the 
removal of sulphur from the metal is favored by a large 
slag volume, a high basicity, and low iron oxide con- 
tent. However, the latter two items arc usually in- 
compatible in basic open-hearth slags, as high basicity 
(low silica) is usually associated with high iron oxide 
(see Figure 15 — 39). 

CHEMISTRY OF THE FINISHING PERIOD 

The finishing period of a heat is that period in which 
final adjustments for temperature are made in the fur- 
nace and adjustments of composition arc made in fur- 
nace, ladle, or molds. Since many grades of steels, rang- 
ing from nearly pure iron to complex alloy steels, are 
made by the basic open-hearth process, it is obvious 
that the practices used during the finishing period will 
vary widely. At the beginning of this period, the elim- 
ination of manganese and the metalloids, with the ex- 
ception of carbon, should be essentially completed, and 
the sulphur and phosphorus should be stabilized in a 
slag of the proper composition to prevent their reversion 
to the metd. The last of the ore additions will have been 
made and the carbon content will be falling at a slow, 
controllable rate to the desired value. The temperature 
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is controlled by the rate at which fuel is burned, and 
additions to adjust the composition of the steel are made 
on the basis of chemical analyses made during this 
period. 

Relation of Carbon to Oxygen in the Metal— The car- 
bon and oxygen contents in the metal are closely re- 
lated and tlie elimination of carbon is accelerated by a 
high proportion of active iron oxide in the slag. The 
mechanism by which carbon is removed is by diffusion 
of oxygen from the slag to the steel, where it reacts with 
the carbon to form predominantly CO and CO 2 . The 
rate of diffusion of oxygen is relatively slow compared 
to reaction rates at the temperature involved, so that it 
is probable that the carbon-oxygen reaction closely 
approaches a state of dynamic equilibrium; that is to 
say, an equilibrium where the carbon content is drop- 
ping slowly but at no time is there a great excess of 
oxygen over that required for the chemical balance. The 
relation of carbon to oxygen in the metal is shown in 
Figure 15 — 40, where are plotted the results of analyses 



Fig. 15 — 40. Relationship between carbon and oxygen in 

basic open-hearth steel. (After Fetters and Chipman) . 

taken from a large number of open-hearth heats dur- 
ing the finishing period. The effect of temperature on 
the carbon-oxygen reaction is small but is such that 
more carbon and oxygen may exist together at higher 
temperatures. 

Frequently it is necessary to stop the progress of a 
heat because the carbon content may be dropping too 
rapidly for accurate control by chemical analysis or 
because the drop in carbon content must be stopped 
\mtil other control analyses may be completed. Holding 
the carbon content at a given level, or **blocking the 
heat,” is accomplished by adding to the metal bath suf- 
ficient deoxidizing agent to lower its oxygen content 
below the amount required for reaction with carbon. 
These deoxidizers may be special-quality pig iron or 
one of numerous ferroalloys which contain elements 
having a high affinity for oxygen. Blocking the heat is 
only a temporary measure, and the effect of the blocking 
agent is often cancelled by diffusion of oxygen from the 
slag before the heat is tapped. In this case, the oxygen 


content may again be estimated from the carbon analy- 
sis, provided the carbon-oxygen reaction has begun 
again to some degree. 

The direct use of oxygen (or compressed air) for 
rapid elimination of carbon from the steel bath was 
liscussed briefly in Section 7 of this chapter. 

Cliemistry of Steel in the Ladle and Molds — The 
?hemistry of ladle additions is a subject of great im- 
portance, as indicated by the objects to be accomplished: 

(1) Final deoxidation to the point desired. 

(2) Final adjustment to the composition desired. 

(3) Final additions to develop special properties in 
the product, such as resistance to corrosion or 
aging, or machinability. 

Every addition made is subject to reaction with the 
Tietal itself or some other element or compound in the 
metal that may be added to it. For this reason, ladle 
idditions mu.st be correlated with the treatments the 
beat has received in the furnace in order to produce the 
many types and grades of steel. In general, elements 
which are not oxidizable, such as copper or nickel, may 
be added to the furnace before tapping. Large amounts 
af deoxidizers, or easily oxidizable elements, are not 
commonly added to the furnace because of excessive 
losses due to the highly oxidized condition of the slag, 
and because of the danger of phosphorus reversion. 

The degree of deoxidation obtained through ladle ad- 
ditions will depend on the kind and amount of deoxi- 
dizer used, as shown in Figure 15—41, which compares 
the effectiveness of several elements by showing the 
relative amounts in equilibrium with dissolved oxygen. 

The additions which are made to molds are primarily 
for the purpose of obtaining the type of solidification 
desired. Small amounts of aluminum, usually a few 
ounces per ton of steel, may be used to control the rim- 
ming action in making rimming steel, while either 
ferrosilicon or aluminum are employed for control of 
the solidification of scmikilled steels. In the manufacture 



Fig. 15 — 41. Relative deoxidizing power of some of the 
elements. (From “Basic Open Hearth Steelmaking,’* 
published by AIMS.) 
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Fig. 15 — 42. Effect of temi)erature on the deoxidizing 
power of silicon. (Same source as Fig. 1S-~41.) 


of some killed steels the deoxidation may be completed 
with aluminum during the filling of the mold. On some 
grades of steel which may be difficult to rim, “rimming 
agents,” of which sodium fluoride is the cliief example, 
are used to promote gas evolution. In general, mold 
additions are kept quite small because the opportunity 
for good mixing is not great and the pouring tempera- 
ture is too low to insure the melting of large amounts 
of cold material. 

NONMETALLIC INCLUSIONS 

The nommotallic inclusions which are normally found 
in steel may be traced to one of the following sources: 

Refractory Material — Since the liquid metal is in con- 
tact with refractories imtil it is teemed into the molds, 
there is a possibility that small fragments of refractory 
material may be broken away or removed by erosion or 
reaction and enter the metal. Usually the particles are 
large and, unless trapped, will rise rapidly to the surface 
of the metal in the ladle or mold. As a result, non- 
metallic inclusions from this source are found only in- 
frequently. 

Oxygen and Sulphur-^Thesc elements are responsible 
for most of the nonmetallic inclusions, and only by their 
complete elimination from the process would it be 
possible to produce steels without inclusions. 

While the steel composition is a factor, it is generally 
true that sulphur is quite soluble in steel at all tempera- 
tures above the melting point so that if sulphur is 
present, sulphide inclusions will not form until the steel 
solidifies, and thereby will be trapped in the ingot. 

This is likewise true of oxygen in the case of steels 
which are not deoxidized. When strong deoxidizers, such 


as silicon or aluminum, are added to the ladle, their 
oxides are formed with the dissolved oxygen in the 
steel. It is probable that the majority of those oxides 
will float to the top of the ladle and be eliminated. 
However, the deoxidizing power of most deoxidizers 
increases as the temperature falls so that oxides are 
continually forming as the temperature drops to the 
solidification point of the steel. This effect is shown for 
silicon in Figure 15 — 42. 

The rate at which particles will rise from liquid steel 
is indicated by Stokes’ law: 
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The most important variable in this expression is “r,” 
the radius of the particle which should be large for rapid 
rates of rise. The most desirable deoxidizer would con- 
sequently be one which produces a liquid oxide, since 
liquids possess the ability to coalesce and form larger 
particles. Nevertheless, it will be evident from the above 
discussion that inclusions are inherently a part of steel 
as made by commercial processes, and it is their loca- 
tion and distribution throughout the ingot which will 
determine whether or not they are harmful. 


SECTION 9 


OPERATION OF AN ACID OPEN-HEARTH FURNACE 


Materials for the Charge — ^In acid open-hearth prac- 
tice, the initial charge consists normally of cold pig iron, 
or cold pig iron and scrap. No ore can be added with the 


charge as in the basic process, for the iron oxide, being 
a base, would combine with the acid lining and rapidly 
destroy the bottom and banks. For the same reason the 
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melting of scrap alone would be bad practice for its oxi- 
dation products would have a similar detrimental effect. 
Hence, the use of hot metal (molten pig iron) to supply 
the whole of the pig iron part of the charge is imprac- 
ticable, for it would necessarily have to be added after 
the scrap was hot and had been considerably oxidized. 

The proportion of scrap to pig iron may vary over 
wide limits. As previously pointed out, Siemens orig- 
inally used no scrap, and as ore was added to the pig 
iron after melting to hasten oxidation, his process was 
called the pig and ore process. Later, the Martin brothers 
used scrap with only enough pig iron to make the melt 
have the carbon content desired in the finished steel. 
As they used no ore, their method of working was 
called the pig and scrap process. The modem method, 
in which a charge of pig and scrap is melted, then ‘'ored 
down” or **piggcd up” as required, may be looked upon 
as a combination of these two methods. In it, the rela- 
tive amounts of pig iron and scrap in the charge are 
controlled largely by plant and market conditions; that 
is, the supply and relative cost of these materials. If 
both are available, then the only thing considered in 
proportioning the charge is the carbon content it is de- 
sired the charge should have when melted. In times of 
extreme shortages of pig iron, substitutes such as Mexi- 
can graphite, silicon carbide, or silicon-steel scrap may 
be used with an increased scrap charge. Coke cannot be 
used because of its high sulphur content. 

Grade of Scrap and Iron for the Charge — Only a trace 
of the phosphorus and none of the sulphur are elim- 
inated in the acid open-hearth process. Indeed, the 
finished steel may contain a slightly higher percentage 
of both of these elements than the average of the charge. 
This increase is due to the fact that, while the weights of 
the sulphur and phosphorus remain practically constant, 
the weight of the metallic bath may be decreased ap- 
preciably, owing to losses through oxidation of iron and 
metalloid.s. In addition, the bath is likely to absorb some 
sulphur from the flame. Consequently, great care must 
be exercised to see that the average sulphur and phos- 
phorus content of the charge is somewhat below that 
required in the finished steel. Silicon, manganese, and 
carbon are oxidized very readily in this process; conse- 
quently, require less consideration in the selection of 
materials. The specifications for acid open-hearth pig 
iron usually call for a silicon content under 2.00 per 
cent, manganese 1.00 to 2.00 per cent, and phosphorus 
and sulphur under 0.03 per cent. In steel for some grades 
of sheets, the phosphorus content may be somewhat 
higher, under 0.06 per cent being satisfactory. It is an 
easy matter, either at the blast furnaces or at the steel 
works, to secure a representative sample of any lot of 
pig iron, and its selection offers little difficulty. But it is 
almost impossible to secure a representative sample of 
the scrap for analysis; hence, the scrap must be selected 
by inspection and with much care and judgment. For 
example, in order to produce a steel with a phosphorus 
and a sulphur content each under 0.05 per cent, such 
scrap as tubes, pipe, Bessemer rails, and castings from 
unknown sources must be avoided. The size of the scrap 
is also of some importance. Unless the proportion of pig 
iron is large, light scrap makes it difficult to get a full 
charge into the furnace. Besides, light scrap is exces- 
sively oxidized in melting, unless extraordinary pre- 
cautions are taken in charging. This oxidation of the 
iron not only decreases the yield, but the resulting iron 
oxide also combines with the siliceous lining and rapidly 
fluxes out the bottom and banks of the furnace. 

Manner of Charging— A few small and isolated fur- 
naces still may be charged by hand, but in the main all 
the larger furnaces will be barged by machine. As to 


the order in which the pig iron and scrap are charged, 
it is unimportant which is charged first if the scrap is 
heavy or makes up less than half of the total charge. 
But if the scrap is light, many prefer to charge it ahead 
of the pig iron which, being spread out on the top, tends 
to shield the scrap from direct contact with the flame 
and to prevent its being oxidized excessively. Others 
make a practice of charging part of the pig iron on the 
bottom and part on top of the scrap. The pig iron on top 
melts first and, trickling down over the scrap beneath, 
the silicon and carbon it contains react with iron and 
manganese oxides as soon as formed, thus insuring that 
the latter do not come in contact with the bottom or 
banks. The added protection afforded by a little pig iron 
on the bottom is obvious, and is a great advantage. It 
not only will increase the yield but also will save much 
repairing of the bottom. As soon as the liquid basic 
oxides of iron and manganese come in contact with the 
acid oxides of silicon in the lining, silicates of these 
oxides are formed and become slag. Then, not only are 
the banks rapidly eroded away, but also the iron and 
manganese oxides are neutralized and lose their power 
of oxidizing and neutralizing the metalloids in the pig 
iron. 

Melting — ^As soon as the furnace has been charged, 
the fuel, which is usually partly or wholly turned off 
during the charging, is turned on full, and the flame is 
reversed every twenty to thirty minutes in order to 
raise the temperature and melt down the charge as 
quickly as possible. The heat usually requires little 
attention during the first part of this period, so the 
time generally is occupied in preparations for tapping. 
The steel ladle requires a new nozzle and a new stopper, 
and the ladle and cinder pits must be cleaned out — 
duties performed by men on the pouring floor. On the 
charging floor the second helper cleans and repairs the 
steel runner, sets it in place, and sees that it is thor- 
oughly dried; procures, or has brought to the furnace, 
the ferromanganese, ferrosilicon, anthracite coal, and 
other deoxidizers and recarburizers required. From 
four to five hours are required to melt the charge. To- 
ward the end of this period, the first helper, or melter, 
will keep a close watch upon the action of the heat. 
If the charge contained a larger proportion (over half) 
of pig iron, especially if the iron carries a high silicon 
and low manganese content, the slag formed will be 
very thick or viscous and, in order to hasten the process 
and increase the yield, it is necessary to add a little 
ore or lime. Great care must be used in adding lime, 
to prevent the banks from being destroyed. On the 
other hand, if the charge was composed chiefly of scrap, 
or the pig contained a low percentage of silicon, it may 
be advisable, in order to save the banks and bottom 
from excessive scorification, to add some sand, old 
bricks, or other siliceous material. 

Adjusting Conditions After Melting— After the charge 
has melted completely, the heat, if handled properly, 
should and \isually does contain about 20 to 40 points 
(hundredths of a per cent) more carbon than is re- 
quired in the finished steel. Some melters prefer to have 
the heat melt with a carbon content of more than one per 
cent in all cases, but for soft steels this practice will 
not improve the steel and may cause additional labor. 

If the charge was made up largely of a low-silicon 
pig iron and the heat was given proper attention during 
the melting period, practically all of the silicon and 
manganese will have been oxidized and neutralized, 
forming the slag. This slag, at first black in color, is 
normally made up of about 50 per cent of bases, prin- 
cipally iron and manganese oxides, and about 50 per 
cent of acids, principally silica. Such a slag tends to be 
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self adjusting in that the slag will tend to retard the 
elimination of silicon and carbon from the metal, if 
the silica content of the slag is increased, whereas if 
the iron and manganese contents be increased, silica 
will be absorbed from the furnace banks. Where the 
melting has been such that considerable oxidation may 
have occurred, the first slag may be sufficiently oxi- 
dizing to complete the elimination of carbon without 
the necessity of ore additions. This first slag tends to 
adjust itself as follows: As the temperature rises, the 
carbon in the bath reduces iron oxide in the slag, 
causing the slag to grow lighter in color. Also, the slag 
gains more manganese oxide so that the color changes 
are black to brown to greenish yellow to a light green 
color, tinted according to the manganese it contains. 
These color changes are still sometimes used to follow 
the course of the heat. However, more recently there 
have been developed slag fluidity measurements which, 
in conjunction with temperature measurements, give a 
more accurate picture of the condition of the slag. The 
measurement is based on the fact that the silica content 
of the slag greatly affects its fluidity and this fact can 
be used to determine the need for additions to the slag 
to cause it to be more or less oxidizing to the bath. The 
changes, which the slag tests indicate arc necessary, may 
be made by lime or ore for more oxidizing conditions 
or by carbon and the regulation of fuel input when the 
oxidizing power of the slag is too great. 

Working the Heat — The problem now before the 
melter is to reduce the carbon content as rapidly but 
controllably as possible, and at the same time get the 
metal heated up to a temperature that will permit the 
heat to be tapped and teemed satisfactorily. In order to 
determine the carbon content of the bath, a fracture 
test of the metal may be taken, but more often an instru- 
ment such as the “Carbometer,” or “Carbanalyzer” or 
chemical analysis is used. 

If the metal appears to be too cold, attempts are made 
to raise its temperature by burning more fuel and re- 
versing the flame frequently, before any necessary ore 
is added. If the carbon is relatively high and the batli 
is quiet and sufficiently hot, a few lumps of ore are 
added to start a boil. After this ore has had time to 
react with carbon, more ore may be added, but this is 
not done so rapidly that a large excess of iron oxide is 
created in the slag, as this would result in erosion of 
the banks of the furnace and cause excessive slag 
volume. 

If, by virtue of a large ore addition, the carbon con- 
tent becomes lower than desired, it may be restored by 
adding pig iron fb hold the carbon at the desired level 
until the tapping temperature is reached. Thus, by fre- 
quent sampling of the bath and treating it as required, 
the carbon content and the temperature will be so 
adjusted that the heat may be tapped. Low carbon 
heats, under 0.30 per cent carbon, may be normally 
worked down to a carbon content of 0.10 per cent to 
0.12 per cent and recarburized to the desired compo- 
sition by ladle additions, and some melters prefer to 
do this. However, especially in tjie case of higher carbon 
heats, it is customary to ‘‘block” the heat with ferro- 
silicon at the required carbon content. Since no phos- 
phorus is removed in this process, the addition of large 
amounts of pig iron or spiegel for recarburizing is in- 
advisable, unless low-phosphorus pig iron is available, 
lest the phosphorus content be increased beyond the 
limit allowed. Therefore, medium- and high-carbon 
heats are usually “caught on the way down.” 

Finishing Acid Open-Hearth Steel— During the last 
hour the heat is in the furnace, little ore is added so 
that the carbon content may drop slowly and under con- 


trol to the desired value for tapping. However, the slag 
must not become too depleted in iron oxide, for if the 
temperature is high, as in the case of low-carbon heats, 
some silica may be reduced and the silicon content of 
the steel will be increased. This condition will be indi- 
cated to the melter by a cessation of boiling and by an 
increase in the viscosity of the slag. It may be prevented 
by the addition of a small amount of limestone, which 
will decrease the viscosity of the slag and make avail- 
able iron oxide by combining with the silica of the iron 
silicates. In Table 15 — VI are shown the compositions 
of three finishing slags illustrative of the widest varia- 
tions to be expected under normal conditions. Only the 
significant components are given. 


Tabic 15 — ^VI. Composition of Acid Open-Hearth 
Slags (Per Cent) 



Heat Number 

Constituent 

1 

2 

3 

SiOa ........ 

54.25 

52.06 

55.60 

FeO 

25.87 

20.38 

28.90 

MnO 

11.27 

20.52 

10.23 

PsO. 

0.045 

0.035 

0.022 

AkOa 

3.28 

3.07 

4.16 

CaO 

5.37 

4.35 

0.70 

MgO 

0.12 

Trace 

0.12 


When the temperature has been raised to the proper 
level and the slag is in the proper condition for tapping, 
the heat may be blocked or allowed to work slowly 
down to the required carbon content. At this time, ad- 
ditions to adjust the amount of alloying elements may 
be made. If the charge for the heat has been selected 
with care, the preliminary analysis, taken when the 
charge was completely melted, will have shown that 
the phosphorus and sulphur specifications will be met. 
However, if error or lack of satisfactory control of raw 
materials causes either the phosphorus or sulphur con- 
tent, or both, to be too high, the heat must be rejected 
in the case of most steel foundries, or applied to an 
order with higher specifications for these elements, for 
there are no corrective measures that can be applied to 
reduce their contents. 

Tapping — When ready, the heat is tapped by methods 
described for basic furnaces. 

Additions to the Heat — In the acid open-hearth 
process, additions to the heat are made both in the 
furnace and in the ladle. In making high-carbon heats 
in which the carbon is caught on the way down, most 
of the additions, including ferromanganese and ferro- 
chromium, are added in the furnace, as well as un- 
oxidizable additions such as copper, nickel, and molyb- 
denum compounds. In making medium and low-carbon 
steels, adjustments in carbon content are made in the 
ladle, preferably with anthracite coal of about pea size. 
To facilitate the addition, the coal usually is contained 
in paper bags, each holing a known weight. Ferro- 
manganese also may be added in the ladle, for which 
purpose it usually is crushed "to pass a 2-inch screen. 
Additions made to the steel in the ladle also include 
such materials as ferrovanadium, ferrosilicon, ferro- 
titanium, and aluminum. All ladle additions should be 
completed before much slag begins to flow from the 
furnace. Additions to the heat during the pouring of 
ingots usually are confined to aluminum. 

Teeming — The proper manufacture of an acid open- 
hearth steel heat leads to tapping temperatures of the 
order of 3000** F. For the manufacture of small and 
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intricate castings where many molds must be poured, Preparation of the Furnace for the Next Charge — 
such a temperature may be necessary at the start of Efficient operation of the furnace requires that the next 
the pour in order that the last molds may be filled. In heat be charged with little delay after tapping. This 
pouring large castings, however, a temperature of this is possible only if the furnace is kept in good condition 
magnitude may be too high for what has been estab- from day to day and heat to heat; consequently, as 
lished as good practice. Pouring temperatures and soon as the heat is out of the furnace, the melter inspects 
rates will depend on mold sizes and the use for which the interior carefully. Steel remaining in low places on 

the castings are intended. Small molds are usually filled the hearth is removed by rabbling and holes are filled 

by “hand shanking’’ whereby sufficient metal for one with bottom sand. All steel and slag are cleaned from 
mold is taken from the large ladle in a small hand ladle the tapping hole, which then is closed in the same 
for pouring. Larger molds are filled by the conventional manner as described previously. While the taphole is 
ladle with stopper and nozzle. being made up, the banks are repaired by shoveling 

The temperature and rate conditions mentioned above sand on them and fritting it into place. This work re- 

also apply in the pouring of ingots whose sizes may quires about an hour if the banks can be rebuilt with 

vary from 500 pounds for small forgings to iis much as one layer of sand. If the banks have been eroded badly, 
400,000 pounds for very large forgings. The types of the sand must be applied in two coats and about forty- 
pouring employed are top pouring, bottom pouring, and five minutes are required for each coat. As soon as 

basket or tim dish pouring, which already have been this repair work is completed, charging of the furnace 

discussed in Section 5. may begin. 

SECTION 10 


CHEMISTRY OF THE ACID 

Chemistry of Melting — The elimination of silicon, 
manganese, and carbon is eiTected in two stages corre- 
sponding to the melting and boiling of the heat. Anal- 
yses show that during melting nearly all of the silicon 
and manganese and a part of the carbon are oxidized. 
Since no ore is charged in the acid process, the only 
source of oxygen for oxidation during this stage is the 
furnace gases, which consist of the products of com- 
bustion of the fuel and any excess air which may have 
leaked into the furnace. Carbon dioxide, water vapor, 
and oxygen in the furnace atmosphere will oxidize iron 
rapidly above a red heat. The extent to which the oxi- 
dation will proceed will depend on the proportions of 
these gases and the gaseous products of the oxidation 
in the atmosphere, and the temperature. This action is 
confined to the surface until the fusion point is reached. 
When the melting point of the iron oxides is reached, 
they begin to flow off, thus leaving the metal beneath 
exposed to further oxidation. This action applies to the 
scrap only, because the melting point of the pig iron 
is about the same or lower than that of the oxide. 

Purifying Reactions— The fact that the melting point 
of the pig iron is lower than that of the scale is a 
fortunate circumstance, for otherwise the liquid scale 
would trickle to the bottom of the furnace and there 
react with the silica hearth to form a slag. With the pig 
iron in a molten state on the bottom of the furnace, 
these oxides of iron react with the metalloids, removing 
them from the bath and giving up some of the iron con- 
tained in the iron oxides. 

After the greater portion of the silicon and manga- 
nese has been oxidized, a small part of the phosphorus 
may be oxidized; but later, when the slag becomes 
higher in silica, the ijhosphorus compounds will be re- 
duced, returning the phosphorus to the metal. There- 
fore, seldom more than traces of phosphorus can be 
removed from the charge; in fact, the phosphorus con- 
tent may increase slightly by virtue of the removal of 
the other metalloids. 

Elimination of Carbon During the Melting Period — ^If 
the melting could be effected instantaneously, very little 
carbon would be oxidized until after the silicon and 
manganese were eliminated. But since melting takes 
place gradually, a part of the pig iron coming in con- 
tact with the highly oxidizing basic slag, both being in 
the liquid state, loses its metalloids, including carbon, 
quickly; consequently the percentage of carbon in the 
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bath, immediately after melting is complete, will be 
considerably lower than the average of the charge. 
While the amount of carbon thus oxidized cannot be 
predicted accurately, meltcrs are quite successful in 
properly proportioning pig iron and scrap to the con- 
dition of the furnace and method of charging, to have 
the heat melt near the carbon content desired for 
proper finishing. 

Chemistry of the Boil — By the time the charge has 
melted completely, a substantial portion of the silicon 
and manganese will have been oxidized to form a slag. 
If the melting has been rapid, there may not have been 
enough oxidation of the scrap to start a boil, so ore 
must be added. On the other hand, if the melting has 
been slow, enough oxidation may have occurred for 
the boil to be completed without the use of ores. If 
the carbon content is low, the melter will first attempt 
to increase the temperature of the bath by increasing 
the fuel rate and reversing the flame more often, but 
if the carbon content is high, for example fifty points 
over the content desired, the feeding of ore may begin 
as soon as the temperature is sufficiently high. If tbe 
temperature is too low when ore is added, its action is 
delayed and is too violent when it occurs. The mecha- 
nism of metalloid elimination involves the same chem- 
ical reactions as those discussed under basic practice. 
The ore additions are made gradually in order to keep 
the boil under control and to protect the banks of the 
furnace. 




Chapter 16 

ELECTRIC FURNACE STEELMAKING 


SECTION 1 

DEVELOPMENT AND PRESENT STATUS OF ELECTRIC MELTING FURNACES 


Numerous types of furnaces utilizing electric current 
as the source of heat have been developed by a large 
number of investigators, but relatively few types have 
survived as practical tools for steelmaking. 

Methods of Electric Heating-Electric current can be 
used for heating in only two ways: (1) by utilizing the 
heat generated in electrical conductors by their inherent 
resistance to the flow of current; and (2) by utilizing 
the heat radiated by the electric arc. 

Two general methods of heating by resistance are pos- 
sible: (a) the indirect method in which the charge is 
heated by radiation and conduction from separate re- 
sistors through which the current is passed, and (b) the 
direct method in which the current is passed through 
the metal charge or bath itself. The indirect method of 
resistance heating for steel-melting operations is not 
practicable, for many reasons. The direct method in 
which high-voltage, low-amperage current is trans- 
formed to low-voltage, high-amperage current that 


passes through the bath or charge is successfully em- 
ployed. The bath in this latter method acts as the sec- 
ondary circuit for the current which is generated from a 
primary circuit by induction; the method being known, 
therefore, as induction heating. 

Likewise, arc heating may be applied in two general 
ways: (1) The arcs may be made between electrodes 
supported above the metal in the furnace, which thus 
is heated solely by radiation from the arc. This method 
is known as indirect-arc heating. (2) The arcs may be 
made between the electrodes and the metal. In this sec- 
ond method, known as direct-arc heating, the current 
must flow through the bath, so that the heat developed 
by the electrical resistance of the metal, though rela- 
tively small in amovmt, is added to that radiated from 
the arcs. This plan makes it possible to use two types 
of furnaces, namely, those with a non-conducting bot- 
tom, and those with a conducting bottom. The latter t^e 
has not been successful for practical steelmaking use. 


Table 16 — L fllassiflcation of Electric Furnaces for Making Steel According to Principles of Heating Employed. 


Indirect — ^The current is passed through a special resistor to generate heat, which is used to heat the 
charge by radiation, convection and conduction. Such furnaces are used for heat treating but not 
for melting steel. 


Using current from low voltage transformers. 
Not successful for melting steel. 


Resistance 

Furnaces Direct— The current passes 

through the material to be 
heated. 

Induction 


[Xow frequency — Using a core transformer with the bath 
forming the secondary circuit. 

High Frequency Corelcss Induction. Current of high fre- 
quency is passed through a coil surrounding a crucible 
containing the charge. 


Direct Current Arc— Not used. 


Indirect or Independent Arc 
— ^The bath is heated by an 
arc or arcs above it 


Alternating 

Current 


, f rolling furnace with horizontal electrodes, 
bingle phase | f special purposes. 

Two phase | ^ ““*** 


Three phase 


are.j 
Straight arcs. 
Repel-arc, 


not used. 


^Furnaces may be stationary, oscillating, or rolling. 


Arc 

Furnaces Direct Arc— The current arcs from elec- 
trode to bath. 


Series Arc. 

Current arcs from one electrode to the fSingle phase 
bath, passes through the bath, and arcs*! Two phase 
to another electrode. iThree phase 


Combination Arc and Resist- 
ance— Use the arc and re- [Two 
sistance of refractory bot- phase 
tom material for heating Three 
charge. . phase 


Single Arc. 

Current arcs from one electrode to the 
bath, passes through the bath, and out 
throu^ an electrode in the bottom of the 
furnace. 


'Single phase 
Two phase 
.Three phase 
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In furnaces with a non-conducting bottom, the path 
of the current is through one electrode and thence 
through the arc between the foot of the electrode and 
the bath, then through the bath and up through an arc 
between the bath and an adjacent electrode, completing 
the circuit through this second electrode. Path of the 
current through furnaces with conducting bottoms 
would be from the electrode or electrodes above the 
bath, through the arc into the bath and thence out of the 
furnace through an electrode forming part of the bot- 
tom in contact with the bath. 

Table 16 — I presents a listing of basic principles of 
electric heating which also will serve as a basis for 
classifying electric furnaces as to type. From among the 
many types listed therein, only two appear to have 
been able to stand against practical tests and competi- 
tion as suitable for melting steel; these are the direct- 
arc furnace (series arc) originally developed by 
Heroult, and the high-frequency coreless induction 
furnace, which are discussed in Sections 2 and 5, respec- 
tively, of this chapter. 

HISTORICAL DEVELOPMENT OF 

ELECTRIC MELTING FURNACES 

It has been said that arc-type furnaces had their 
beginning in the discovery of the carbon arc by Sir 
Humphrey Davy in 1800, but it is more proper to say that 
the practical beginning of the art was the work of Sir 
William Siemens, who in 1878 constructed, operated and 
patented furnaces operating on both the direct-arc and 
indirect-arc principles. 

At this early date, the availability of electric power 
was limited and its cost high; also, carbon electrodes 
of the quality required to carry sufficient current for 
steel melting had not been developed. Thus, the de- 
velopment of tlie electric melting furnace awaited the 
expansion of the electric-power industry and improve- 
ments in carbon electrodes. 

Direct-Arc Furnaces — The first successful commer- 
cial direct-arc steelmaking furnace was placed in opera- 
tion by Heroult in 1899, and the first shipment of electric 
steel was a carload of bars from Horoult’s plant at La 
Praz to the firm of Schneider and Company at Creusot, 
France, on December 28, 1900. The Heroult patent, stated 
in simple terms, covered single-phase or multi-phase 
furnaces with the arcs in series through the metal bath. 

This type of furnace, utilizing three-phase power, has 
been the most successful in the production of steel. Dur- 
ing recent years, many large-capacity furnaces with 20- 
foot diameter shells holding an average charge of 185,- 
000 pounds were placed in successful operation. During 
1954, two furnaces designed for a maximum charge of 
200 tons were installed; these furnaces have an inside 
diameter of 24% feet and a hearth depth of 3 feet, 9 
inches. Such imits have been made possible by the in- 
creased availability of electric power, large graphite 
electrodes, and improved refractories, along with better 
furnace design and melting practices. These factors will 
be discussed in detail later. A typical large modern unit 
Is shown in Figure 16 — 1. 

Simultaneous with and subsequent to Heroult’s suc- 
cess with the direct-arc principle, many investigators 
abroad directed their attention to developing furnaces 
employing the same principle. However, in this country, 
there were no developments along arc-fumace lines 
until the first Heroult furnace was installed in the plant 
of the Halcomb Steel Company, Syracuse, New York, 
which made its first heat on April 5, 1906, This was a 
single-phase, two-electrode, rectangular fiimace of 
four tons capacity. Two years later a similar but smaller 
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furnace^ installed at the Firth-Sterling Steel Com- 
ity, IVwKeesport, Pennsylvania, and in 1909, a 15-ton, 
thr^-phase flunace was installed in the South Works 
of the IlUnois Steel Company, now a part of the United 
States Steel Corporation, in Chicago, Illinois. The latter 
was, at that time, the largest electric steclmaking fur- 
nace in the world, and was the first round (instead of 
rectangular) furnace. It operated on 25-cycle power at 
2200 volts and tapped the first heat on May 10, 1909. 

The foregoing furnaces all woie usid for ‘making steel 
for ingots. The first electric furnace for the production 
of steel for commercial ca.stings was ih.at of the Tread- 
well Engineering Company, Easton, Pi tmsvlvania. It 
was a single-phase, two-clectrode furnace of two tons 
capacity, de.signed along the lines of tlu^ TTak omb and 
Firth-Sterling furnaces. It was operated first m August, 
1911. 

About the same time, the General Electric Ctimpany 
began to experiment with the design of direct- arc elec- 
tric furnaces, with the view of developing a rnark( t for 
electrical equipment required for their operation, at>d 
built three or four units. Other furnace designs followed: 
the Snyder, Ludlum, Vom Baur, Booth-Hall, Moore, 
Green, Swindell, and Volta, the last-named being of 
Canadian origin. 

Indirect-Arc Furnaces — The first work on indircct- 
arc furnaces was done by Stassano, in Italy. His design 
consisted of a vertical, cylindrical shell, with three elec- 
trodes spaced 120 degrees apart and entering the furnace 
just above the bath. A furnace of this design was in- 
stalled in the plant of the Clark Equipment Company, 
Buchanan, Michigan, in 1911. 

About the beginning of World War I, Rennerfelt of 
Sweden developed an indirect-arc furnace with two 
horizontal electrodes and one vertical electrode, so con- 
nected electrically that the arc was “blown” down on 
the charge or bath, and the horizontal electrodes were 
arranged to tilt downward so that they could arc 
directly on the bath. 

None of the indirect-arc furnaces came into very 
great use because maintenance was difficult and power 
consumption was high. 

The Induction Furnace — Another type of electric 
melting furnace, used to a certain extent for melting 
high-grade alloys, is the high-frequency coreless in- 
duction furnace (Figure 16—2), which gradually re- 
placed the crucible process in the production of com- 
plex, high-quality alloys used as tool steels. It is used 
also for remelting scrap from fine steels produced in 
arc furnaces, melting chrome-nickel alloys, and high- 
manganese scrap. 

The induction furnace had its inception abroad and 
first was patented by Ferranti in Italy in 1877. This was 
a low-frequency furnace. It had no commercial appli- 
cation until Kjellin installed and operated one in 
Sweden. The first large installation of this type was 
made in 1914 at the plant of the American Iron and 
Steel Company in Lebanon, Pennsylvania, but was not 
successful. Some other low-frequency furnaces, how- 
ever, have operated successfully, especially in making 
stainless steel. 

A successful development using higher-frequency 
current is the coreless high-frequency induction fur- 
nace. The first coreless induction furnaces were built 
and installed by the Ajax Electrothermic Corporation, 
who also initiated the original researches by E. P. North- 
rup leading to the development of the furnace. For this 
reason, the furnace is often referred to as the Ajax- 
Northrup furnace. 

The first coreless induction furnaces for the production 
of steel on a commercial scale were installed at Sheffield, 
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Fig. 16—2. Dual installa- 
tion of coreless electric 
induction melting fur- 
naces, with control panel 
in background. (Cour- 
tesy, Allis-Chalmers 
Mfg. Co.) 
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England, and began the regular production of steel in 
October, 1927. 

The first commercial steel furnaces of this type in the 
United States were installed by the Heppenstall Forge 
and Knife Company, Pittsburgh, Pennsylvania, and were 
producing steel regularly in November, 1928. Each fur- 
nace had a holding capacity of 600 pounds and was 
served by a 150-kva motor-generator set transforming 
60-cycle current to 960 cycles. The crucibles were mono- 
lithic, 6 inches in diameter, and 36 inches in depth. Time 
of an ordinary heat was 55 minutes. The coreless type of 
induction furnace normally operates on alternating cur- 
rent at a frequency of approximately 1000 cycles, pro- 
duced by a motor-generator set of special design with 
the power transmitted over co-axial cables to the pri- 
mary coil of the furnace. Recently, mercury-arc rec- 
tifiers, which have the advantage of higher efficiencies 
over motor-generator sets, have been developed to sup- 
ply the high-frequency power. Some details of opera- 
tion of this type of furnace are given in Section 5 of this 
chapter. 

The primary coil of the coreless induction furnace is 
constructed of water-cooled copper tubing, positioned 
toward the inside of the furnace shell but covered 
with a layer of refractory material. The shell must 
be constructed of non-conducting materials, since the 
high-frequency power applied to the primary coil 
otherwise would induce current in the shell as well as 
the charge, and generate heat in the former. When 
operating, the high-frequency power applied to the 
primary coil creates a magnetic flux which passes 
through the charge, and the charge acts as the secondary 
winding of a transformer having a single turn. This in- 
duced current melts the charge by tlie heat developed 
due to the electrical resistance of the charge. 

Commercial use of the high-frequency furnace for 
melting is not extensive in the steel industry. Those in 
use are small in size, ranging in capacity from about 
500 pounds to 2,000 pounds. The largest one in the 
United States is of four-ton capacity and has for a power 
source a 1200-kilowatt motor-generator sot. 

Due to the time required to prepare the scrap and 
place it in the furnace, the usual installation consists of 
two furnaces for each generating unit. Thus, one heat 
can be melting while the next is being prepared. The 
finished heat can be disconnected from the power source 
and the furnace used as a ladle and carried by a crane 
to the molds for pouring, while the second furnace is 
connected to the power system. 

Electric Reduction Furnaces— Electric reduction fur- 
naces are used for smelting ores in the production of 
ferromanganese, ferrosilicon, ferrochromium, and so on. 
These furnaces differ from the steelmaking furnaces in 
that production is continuous, as in a blast furnace; the 
charge is placed in the furnace at the top and the molten 
product tapped near the bottom. They are designed 
either as single-phase or three-phase units. 

In the single-phase units, a single carbon electrode is 
suspended in the center of the furnace, with the carbon 
bottom of the furnace serving as the second electrode. 
This is an example of a furnace with a conducting bot- 
tom. In the three-phase furnaces, the three electrodes 
are spaced as in the arc furnace and are buried in the 
charge. These units normally have an open top, and the 
charge either is shoveled in or introduced by chutes. 
The electrical load on this type of furnace differs from 
th at on the arc furnace used for steelmaking. Since 
charging is continuous, the load is fairly steady, and the 
power factor can be maintained around 90 per cent. The 
voltages \ised are lower than in the arc furnaces, and the 
current density greater. These requirements necessitate 


a careful design of the secondary circuits to keep re- 
actance to a minimum. For some products, and on 25- 
cycle systems, units of electrical capacities up to 18,000 
kva have been designed. 

Furnaces of Special Design — There have been other 
types of furnaces designed that are worthy of mention. 
The Hering furnace was a conventional unit except that 
the bath was deeper than usual and the hearth con- 
tained one or more resistance tubes at the bottom which 
served as water-cooled electrodes. Molten metal was re- 
quired for the first charge, and only two-thirds of the 
heat was tapped. The effect of the current flowing 
through the molten metal in the resistor tubes was to 
pinch off the column of metal and eject it from the tube. 
The furnace had no commercial application. 

Another furnace of European design was a combina- 
tion of open-hearth and electric-arc furnace principles. 
Still another was a combination of low-frequency in- 
duction furnace and pneumatic converter, the tuyeres of 
the latter being equipped so that a reducing gas might 
be introduced into the furnace. 

Field of Application of Electric- Arc Furnaces — ^In the 
preceding section, it was pointed out that the clectric- 
arc furnace for steelmaking first was introduced into 
the United States in 1906. The real expansion of this 
phase of the industry, however, has been more recent, 
with respect to both basic-lined and acid-lined electric- 
arc furnaces. The first development was due to the wide 
use of the SAE low-alloy steels. Then came the devel- 
opment and expanding use of higher alloy and stainless 
steels, which have been largely responsible for the more 
recent increasing use of basic-lined electric-arc fur- 
naces in the steel industry. 

The steel-casting industry found that acid-lined 
electric-arc furnaces were weU qualified to meet their 
needs in regard to control of operations and quality of 
product. This has been the important factor in the grow- 
ing use in foundries of this type of furnace. 

Both the acid and basic processes for making steel in 
electric furnaces were used extensively during World 
War n, and production has continued at a high level. 
The basic process, especially, is in a good position to 
maintain a high production rate because of its ability 
to use both high-alloy steel scrap, lower grades of alloy 
scrap, and plain-carbon steel scrap in making steels 
that will meet rigid chemical, mechanical-property and 
cleanliness requirements. 

The basic process, for which the electric-arc furnace 
utilizes a basic bottom of magnesite or dolomite and 
sidewalls and roof of either basic or silica brick, ac- 
counts for practically all of the electric-furnace steel 
produced in ingot form. Furnaces of this type usually 
are found in integrated steel works having installations 
for making steel by other processes also, where facili- 
ties already are available for stripping the ingots, heat- 
ing them, and rolling or forging them to the desired size 
and shape. Such integrated plants make possible the 
utilization of the cold-melt process or one of the hot- 
metal methods such as duplexing, triplexing, or the re- 
finement of molten open-hearth steel by special slags 
which can be prepared and removed more conveniently 
in the electric furnace than in the open hearth. 

The acid electric furnace, with an acid bottom of 
groimd ganister and silica-brick sidewalls and roof, 
seldom is used outside of steel foundries and forging 
shops. Straight-carbon, low-alloy and some high-alloy 
steels can be made by the acid process. 

The importance of electric furnaces as steelmaking 
units in ingot-producing plants in the United States is 
indicated by the annual tonnages shown in Table 16—11, 
which also shows the increasing trend in production of 
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Table 16—11. Annual Production of Electric-Furnace Steels^^ 
(Steel Ingots and Steel for Castings— Net Tons)^** 


Year 

Electric-Furnace 

Steel 

Total 

All Processes, 
Including Electric 

Percentage 
Represented by 
Electric-Furnace 
Steel 


Capacity 

Production 

Capacity 

Production 

Capacity 

Pro- 

duction 

1954 

10,448,640 

5,436,054 

124,330,410 

88,311,652 

8.4 

6.2 

1953 

10,232,450 

7,280,191 

117,547,470 

111,609,719 

8.7 

6.5 

1952 

8,232,850 

6,797,923 

108,587,670 

93,168,039 

7.5 

7.3 

1951 

7,554,610 

7,142,384 

104,229,650 

105,199,848 

7.2 

6.8 

1950 

6,871,290 

6,039,008 

99,392,800 

96,836,075 

6.9 

6.2 

1949 

6,112,870 

3,782,717 

96,120,930 

72,978,176 

6.4 

4.9 

1948 

5,396,750 

5,057,141 

94,233,460 

88,640,470 

5.7 

5.7 

1947 

5,076,240 

3,787,735 

91,241,250 

84,894,071 

5.6 

4.5 

1946 

5,500,290 

2,563,024 

91,890,560 

66,602,724 

6.0 

3.8 

1945 

5,455,890 

3,456,704 

95,505,280 

79,701,648 

5.7 

4.4 

1944 

5,350,880 

4,237,699 

93,652,290 

89,641,600 

5.7 

4.7 

1943 

4,554,980 

4.589,070 

90,292,660 

88,836,512 ! 

5.0 

5.2 

1942 

3.737,510 

3,974,540 

88,569,970 

86,031,931 

4.2 

4.6 

1941 

2,586,320 

2,869,256 

84,152,292 

82,839,259 

3.1 

3.5 

1940 

1,882,630 

1,700,006 

81,619,496 

66,982,686 

2.3 

2.5 

1939 

1,725,086 

1,029,067 

81,828,958 

52,798.714 

2.1 

1.9 

1938 

1,490,858 

565,627 

80,185,638 

31,751,990 1 

1.9 

1.8 

1937 

1,326,788 

947,002 

78,148,374 

56,636,945 

1.7 

1.7 

1936 

1,147,221 

865,150 

78,164,300 

53,499,999 

1.5 

1.1 

1935 

1,053,370 

606,471 

78,451,930 

38,183,705 

1.3 

1.6 


From Annual Reports of American Iron and Steel Institute. 

The figures include only that portion of the capacity and production of steel for castings used 
by foundries which were operated by companies also producing steel ingots. 


electric-furnace steels during the twenty-year period 
from 1935 through 1954, It should be noted that these 
figures do not include steel made in electric furnaces 
by foundries that do not produce ingots. This increase 
was due to several factors, chief of which was that 
electric fiunaces now are capable of producing a wide 
range of steels, and no longer are considered as suitable 
only for making a limited range of high-cost, high- 
quality steels of special compositions for extremely ex- 
acting uses. Originally, electric furnaces were accepted 
widely as an improvement over the crucible process for 
producing steels for tools, dies, watch springs, cutlery, 
and other special requirements, and gradually sup- 
planted that process almost entirely. However, as ex- 
perience was gained and costs decreased, the field for 
economical use of electric furnaces expanded greatly. 

In addition, acid-lined electric-arc furnaces have 
sometimes replaced small open-hearth furnaces and 
pneumatic converters to produce steel for castings. 

Although the production of electric-furnace steels 
during normal times represents only about six and one- 
half per cent of the total tonnage of ingot steel produced 
in this coimtry, the electric-furnace products represent 
practically all of the stainless, constructional alloy, tool, 
and special alloy steels used in the chemical, automotive, 
aviation, machine-tool, transportation, food processing 
and many other important industries. While at the 
present time the electric-arc furnace cannot compete 
with the larger open-hearth furnace as to cost in the 
production of the commoner grades of steel, yet the 
electric furnace, if operated in a favorable scrap- 
producing area with favorable power rates, in many 
cases can produce ordinary carbon steels at costs com- 
parable to, and sometimes less than, open-hearth costs. 

General Comparison of Basic and Acid Electric- Arc- 
Fumace Processes— Following are factors in deciding 


which of the two processes is best suited for the eco- 
nomic production of steel to meet demands with respect 
to grade of steel and its ultimate use. In this comparison, 
only the acid process involving complete oxidation of 
the bath, using a single, oxidizing slag, is considered. 

1. Slags in the acid process are more siliceous than 
those in the basic process. Since acid slags do not react 
with the steel bath to remove phosphorus from the steel, 
the use of more expensive, carefully selected scrap and 
other raw materials of low phosphorus content are im- 
perative. Conversely, basic slags do react with and re- 
tain phosphorus, and practically all types of scrap and 
raw materials can be used in the basic electric furnace. 
It may be mentioned here that sulphur cannot be re- 
moved in the acid process, but can be in the basic 
process, as will be discussed later. 

2. Oxidizing action takes place in a shorter time in the 
acid process and the time required for “working the 
heat” also is shorter than in the basic process, mainly 
because of the selected scrap used in the acid furnace 
as compared with the wide variety of scrap used in the 
basic process. 

3. In the acid process, because of the selected mate- 
rials making up the charge, a one-slag process pre- 
dominates, while a multiple-slag practice is used more 
widely with the basic process. 

4. Iron loss is lower with the single-slag acid process 
than with the multiple-slag basic process because the 
oxidizing period is shorter, less metal is trapped in the 
much smaller volume of slag, and, since there is no 
slagging-off in the single-slag acid process, there is no 
loss of metal from this source. 

The metallurgical differences in the two processes in- 
dicate that none of the advantages of one process over 
the other is sufficient to justify the selection of one or 
the other process without full consideration of all fac- 
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tors, such as flexibility and economies. Economy in 
production combined with adequate performance of 
finished product have been the determining factors. The 
result has been the previously mentioned prevalence of 
the acid process in the steel-castings industry and the 
basic process in making ingots for rolling. 

Cold Scrap vs. Hot Metal— When the first electric 
melting furnaces were installed in the steel industry, 
electric power was not available in large amounts. Since 
the melting operation requires about three times the 
power that is required by the refining period, it was 
thought then that the cost of this extra electric power 
was too high to permit economical melting of cold 
charges. For this reason, the early installations at Hal- 
comb and Illinois Steel were provided with a separate 
source of hot metal to provide a molten charge. The 
former had a tilting 30-ton basic open-hearth furnace 
and the latter a Bessemer converter department. Later, 
as more electric power became available, it was rec- 
ognized that cold melting was feasible. 

During World War II, in order to increase production, 
several installations were made where the practice of 
using hot-metal charges was revived. The largest in- 
stallation had nine 70-ton electric furnaces operating 
in conjunction with tilting open-hearth furnaces to 
produce steel by a combination method. These door- 
charged furnaces now operate mainly on cold-melt 
practice, with some hot metal employed, when available, 
to aid charging. At the present time, there is no ap- 
preciable tonnage of steel being produced in electric 
furnaces using hot- metal charges. With the advent of 
new pneumatic processes (Chapter 14), it is possible 
that these processes may be used to prepare molten 
charges for finishing in electric furnaces to produce steel. 

Advantages of the Electric- Arc Furnace— The in- 
creasing number of basic electric-arc furnace instal- 
lations is evidence that, as steelmaking units, these 
furnaces provide certain advantages. Among the more 
important considerations for selecting this method over 
other steel production methods are the following: 

Practically all of the known grades of steel can be 
produced in the basic electric-arc furnace. The products 
made include the plain carbon steels of rimmed, capped, 
semi-killed and killed types, low-alloy SAE-AISI con- 
structional steels, high-manganese steels (up to 14 per 
cent), high-silicon steels (up to 5 per cent), aluminum 
steels (up to 4% per cent), the entire range of stainless 
steels, super-alloy steels for high-temperature applica- 
tions, and high-speed and other alloy tool steels. 

The basic electric-arc furnace may be selected as 
the more economical steel producing method when: 
(1) carbon and low-alloy steel production requirements 
are insufficient to justify use of the blast furnace — open 
hearth combination to produce steel, (2) facilities are 
installed in industrial areas of high steel-scrap avail- 
ability but at a distance from natural sources of coke, 
limestone and high-grade iron ores, (3) the nature of 
subsequent processing is such that steel-production re- 
quirements are intermittent or molten metal must be 
supplied within controlled time limits. 

The electric-arc furnace process is capable of produc- 
ing killed-steel grades with very low residual phos- 
phorus because: (1) the initial charge contains less 
phosphorus than the charges of steelmaking processes 
containing blast-furnace iron, and (2) the phosphorus- 
bearing oxidizing slags of the electric furnace heat may 
be removed prior to furnace deoxidation and thus avoid 
phosphorus reversion to the metal. 

The greater desulphurizing power of basic electric- 
arc furnace reducing s}ags facilitates the production of 
steels with lower sulphur residuals. 
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The absence of an oxidizing heat source permits heats 
that have been deoxidized in the furnace to be held 
without becoming rapidly reoxidized; this feature, 
coupled with the ability to use reducing slags, makes 
it possible to produce steels containing fewer nonme- 
tallic inclusions. 

The production of steels alloyed with high percentages 
of oxidizable metallic elements can be produced more 
efficiently in the basic electric-arc furnace as such al- 
loying elements or ferroalloys can be added in the fur- 
nace under reducing conditions at a high efficiency of 
recovery and in any amount required. Moreover, with 
proper slag manipulation, a relativcly-high efficiency 
of recovery of oxidizable elements, such «as chromium, 
manganese, etc., can also be obtained from alloy-steel 
scrap. 

Because it can be tilted to pour olT slag, the clcctric- 
arc furnace can be operated with .slag volumes con- 
trolled to a minimum (2 to 4 per cent of the hath 
weight) and therefore the slag composition can be ad- 
justed and controlled quickly by relatively small addi- 
tions of slag-making, oxidizing or deoxidizing materials. 
Therefore, the steel may be treated under oxidizing, 
reducing or neutral slags, or any succession of sucli 
slags. 

Under oxidizing slags, the electric furnace with a 
definite regulation of heat input provides good control 
of carbon content at melt-down and later while work- 
ing the heat. Also, the removal of this oxidizing slag, 
with its comparatively high phosphorus content, limits 
the amount of phosphorus reversion that can occur by 
taking a large proportion of this element out of the 
field of action. 

A reducing slag in the basic electric furnace, follow- 
ing the slagging of! of an oxidizing slag, makes possible 
a high degree of refinement of the bath and minimizes 
loss of alloys by oxidation. Objectionable elements, such 
as sulphur, can be removed to a high degree after the 
oxidizing slag has been replaced by a reducing slag. 
The reducing slag also decreases the oxygen content of 
the bath to a low value; consequently, relatively few 
deoxidation products are formed when the final de- 
oxidizers are added because less of the latter are needed. 
The deoxidation products that are formed have a better 
opportunity to rise through the steel bath and enter into 
the slag than would similar substances formed if largo 
amounts of deoxidizers had to be added in the ladle. 
As a result, relatively few sulphide and oxide inclusions 
are present in electric-furnace steel, remembering, 
however, that limited circulation of the bath under this 
reducing slag necessitates a long refining time. 

Disadvantages of the Electric-Arc Furnace — The dis- 
advantages common to the operation of electric-arc fur- 
naces are largely a matter of economics. The cost of 
auxiliary equipment, operating lahpr, power, electrodes, 
and refractories usually are higher than similar costs in 
the open-hearth and other processes. The costs exclu- 
sive of net metallic charge show the electric furnace to 
be at a disadvantage which can be overcome only par- 
tially by faster time of heat and gr<*ater efficiency. In- 
dividual open-hearth furnaces, in general, arc of con- 
siderably larger capacity than electric furnaces; the 
possibility of overcoming the size dilTerential in fur- 
naces of the two types is limited by power problems. 
Larger electric-arc furnaces require higher voltages 
to transfer energy economically, and the longer arcs in 
larger furnaces can cause excessive damage to roof and 
lining. Peak loads during melt-down periods may in- 
crease the difficulties of the power plants whiefiT^ust 
maintain sufficient power for regular requirements dur- 
ing this same period. 
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While the foregoing is true with respect to> physical 
size from the standpoint of the size of individual heats, 
the production rate of a standard 20-foot shell diameter 
electric furnace in terms of tons of finished steel pro- 
duced per hour will compare favorably with 150-ton or 
larger open-hearth furnaces. Also, in 24-foot, 6-inch 


diameter electric-arc furnaces recently installed, heats 
of nearly 200 tons have been made. Thus, the former 
advantage of the open-hearth furnace with regard to 
heat size is being overcome, and other factors (some of 
them economic and some metallurgical) now are the 
criteria for comparing the two methods of steelmaking. 


SECTION 2 

DIRECT-ARC ELECTRIC FURNACES AND AUXILIARIES 


Mechanical Parts — All furnaces of the Heroult type 
are designed to tilt in two directions, the one for pour- 
ing and the other for slagging. Heroult furnaces are 
moimted on toothed rockers which rest on and inter- 
mesh with toothed rails. They are tilted by a motor- 
driven rack-and-pinion mechanism, usually placed 
underneath the furnace. On large furnaces where a 
slag-olf operation is required, the tilting mechanism is 
designed to permit movement of a car-mounted slag pot 
through the foundations to the tapping pit. 

Capacity of Furnaces — ^The inside diameter of the 
shell determines the capacity of the electric furnace. 
Many standard sizes have been developed to provide for 
the different practices and types of scrap used in various 
shops. Heroult furnaces now are being built by Ameri- 
can Bridge Division of United States Steel Corporation 
in sizes of 7 -foot shell diameter and up (Table 16 — III). 
They are usually equipped with roof-moving mecha- 
nisms (described later) to permit top charging. Door- 
charge furnaces and furnaces of special design, includ- 
ing tmits equipped with austenitic-steel bottoms to 
permit induction stirring, are also built. 


Tabic 16 — III. Heroult Furnace Sizes, Capacities, and 
Transformer Ratings. 


CLECraODES 


Inside 

Shell 

Diameter 

Usual 

Charge 

(Pounds) 

Maximum 
Rated Charge 
(Pounds) 

Usual 

Transformer 

Capacity 

(kva) 

7'0" 

6000 

8000 

1500/1800 


8000 

10,000 

2000/2500 

9'0'' 

12,000 

15,000 

3000/4000 

lO'O" 

16,000 

20,000 

4000/5000 

iro" 

24,000 

28,000 

5000/6000 

12'0" 

30,000 

35,000 

6000/7500 

13'6" 

40,000 

50,000 

7500/10,000 


70,000 

80,000 

10,000/12,000 

17'0" 

100,000 

120,000 

12,000/15,000 


120,000 

150,000 

15,000/17,500 

lyo" 

150,000 

180,000 

17,500/20,000 

20'0" 

170,000 

200,000 

20,000/25,000 

22'0" 

240,000 

280,000 

25,000/30,000 

24'6" 

360,000 

400,000 

30,000/35,000 
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Fi€. 16—3. Schematic cross-section of a Heroult electric-arc furnace, indicating typical refractories employed in (left) 
an acid lining and (right) a basic lining. Although only two electrodes are shown in this sectloh, furnaces of this type 
(which operate on three-phase ciirrent) have three ehastrodes. (Courtesy, Harbison-Walker Refractories Company.) 


ELECTRIC FURNACE STEELMAKING 


341 


The Furnace Shell and Lining — ^The shell of the mod- 
em electric-arc furnace is usually cylindrical in shape. 
It can be either riveted or welded, and is braced with 
structural-steel sections. As the development of the 
electric -steelmaking process has required the design of 
larger, more complex, higher-powered furnaces, prob- 
lems have arisen which affect design, operation and 
maintenance. The shell has become a source of increas- 
ing trouble due to warping, burning and rupture. The 
shell on most existing large furnaces is an integral part 
of the furnace structure. Damage to the shell can 
weaken the structure and cause misalignment of operat- 
ing parts mounted on it. 

There are two methods for overcoming this difficulty 
on large furnaces: 

(1) Build the shell as a unit structurally separate 
from the rest of the furnace structure; that is, to require 
the shell only to retain the refractories and charge while 
the operating parts of the furnace are supported on an 
independent structure unaffected by shell distortion. 

(2) Eliminate rigid connections between the steel 
plates of the shell and the supporting yokes atid buck- 
stays, at least above the hearth line, to allow these 
parts to expand and contract independently of each 
other. 

The shell of a cylindrical furnace has a flat bottom 
which can be laid first with several layers of clay, 
magnesite, or silica brick as required (Figure 16 — 3). 
As the side wall is constructed, the brick is set back to 
provide ledges for the granular material that will, after 
sintering in place, form the working bottom or hearth. 
Modern practice utilizes a much smaller amount of 
granular material than formerly was employed, and, 
with this design, it is possible to recover a large propor- 
tion of the bottom refractories when relining becomes 
necessary. The brick is placed easily around the door 
jambs, arches and in the door lining, as both jambs 
and doors have flat surfaces. The roof is a simple 
flat dome, and the water-cooled skewback type of 


roof ring eliminates the necessity for special skew- 
shaped brick. 

CHARGING METHODS 

Charging methods for electric-arc furnaces fall into 
two classes — top charging and door charging. 

Top- Charged Furnaces — There are two designs for 
modern top-charged furnaces: the swing type and 
the gantry lift. 

In the swing type (Figure 16— -4), the roof and the 
supporting structure for the electrode masts are lifted 
and swung to one side by motor- driven or hydraulic 
equipment. 

The gantry-lift type, shown in Figure 16- -5, has the 
electrode masts and the roof-rnising mechanism built 
into a gantry crane that travels on rails along the charg- 
ing floor. When the furnace is to be charged, the elec- 
trodes are raised to clear the shell, the roof is lifted and 
moved by the crane to one side of the furnace. 

For medium-sized and large furnaces, top charging 
has the advantage of speed, as the entire charge can be 
placed in the furnace by drop-bottom buckets in a short 
time (Figure 16-— 5). In addition, very large pieces of 
scrap can be charged without being cut into charging- 
box sizes. However, scrap dropping from a considerable 
height results in a shock to the furnace bottom. To avoid 
this, a cushion of light scrap should be placed on the 
bottom by a magnet and this cushion used to absorb 
the shock. 

Until recently, top-charge units of larger size were 
not extensively used. With heavy scrap, standard open- 
hearth machine charging offered and still offers an ex- 
cellent method of placing the charge. However, within 
the last few years, the availability of heavy melting 
scrap has decreased, with considerable quantities of 
light scrap available. In utilizing top-charge furnaces, 
the furnace may be filled completely with light scrap 
which can be melted quickly by the use of transformers 
that can supply power at high rates to the furnace. 
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Fig. 16 — 4. A very large, 
modem Heroult elec- 
tric-arc steelmaking fur- 
nace, with swing-type 
roof moved a.side to per- 
mit top charging of the 
furnace by bucket. The 
rear electrode i.s par- 
tially hidden by the left 
front electrode. 



342 


THE MAKING, SHAPING AND TREATING OF STEEL 



Fig. IS— 5. Drop-bottom 
charging bucket in posi- 
tion over the open shell 
of a gantry-type Heroult 
electric-arc steelmaking 
furnace. 


Therefore, most of the new large furnaces being in- 
stalled are top-charge units, with many old machine- 
charged units being converted to top charging. It is de- 
sirable with any large top-charge furnace installation 
to have open-hearth type of charging-machine facilities 
available for handling some heavy scrap and for making 
other additions. 

Door-Charged Furnaces— Hand charging through the 
door is frequently utilized for very small furnaces, and, 
on somewhat larger units, charging with a chute is the 
method used. If larger furnaces are to be charged 
through the rear door, a charging machine is required. 
The standard open-hearth charging machine (described 
in Chapter 15) is most frequently employed. 

Auxiliary Equipment — If the plant is designed for the 
use of hot metal, a 75 to 100-ton, four-girder, two- 
trolley crane is required for handling the ladles. This 
can serve also as the utility crane for the charging floor. 
If the plant is not to use hot metal, one or two 25-ton 
cranes with 10-ton auxiliary hoists will be needed in the 
charging bay. If top-charge furnaces are utilized, cranes 
in the charidnd bay shoiild have ample capacity for han- 


dling loaded charging buckets of whatever size is neces- 
sary. 

Another item requiring space on the charging floor is 
equipment for drying any additions to the charge. This 
is necessary to prevent explosions in the furnace, with 
resultant blowing out of slag and damage to the furnace. 
It is also important that the moisture, both free and 
combined, be eliminated in order to reduce the possi- 
bility of absorption of hydrogen by the steel. The degree 
of diyness varies considerably in different shops due to 
the methods used. Some shops run a gas pipe into a pile 
of material and hope to obtain results with a gas flame. 
Other shops use large, flat pans set on blooms and 
heated by gas jets under the pans. A better metbod is to 
have one or two ovens heated with gas to about 1000* F, 
and place the material in charging boxes in these ovens. 
This method, however, has two disadvantages: 

1. It is difficult to obtain uniform drying with the bulk 
load in the box, and 

2. It requires a considerable amount of Q>ace on the 

floor. 
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The best method for drying is a small rotary kiln 
which does give uniform drying and does not require 
a large floor area. 

Proper ventilation of the charging floor is of consider- 
able importance. A recent development has been a fur- 
nace hood. This operates on the basic theory of dust 
control— confining the smoke and fumes at the source 
before they can disperse to adjacent working areas, and 
exhausting them through a duct to a point of collection 
and disposal. The specially designed, circular hood is 
attached to the furnace roof ring and permits operation 
and maintenance of the furnace without interference. 

Pouring Facilities— The foregoing remarks have con- 
cerned the charging side of the furnace building. The 
pouring side has similar problems in track layout, 
cranes, and drying. 

Since a large portion of the product will be alloy steel, 
and therefore, hot-topped ingots will be produced, pro- 
vision must be made for preparing the molds. If it is to 
be done in the furnace building, track and floor space 
must be provided for preparing the molds for at least 
two heats. Since this requires considerable space, it is 
better for the work to be done in an adjacent building 
as, in addition to the floor space required, preparing the 
molds may interfere with crane service needed for other 
operations. If mold preparation is done on the pouring 
floor in a shop with a 200,000-ton annual capacity for 
steel making, a 25-ton crane is required in addition to 
two ladle cranes. 

Cranes are rated in net tons of 2000 pounds and it 
should be noted that the capacities are based on the load 
on the hooks in accordance with the A.ssociation of 
Iron & Steel Engineers standard specifications, which 
make the load on the hooks the capacity rating. Previ- 
ous to this time the weight carried by the drums was 
often used; and the weight of the cables, load beam, and 
hooks had to be subtracted to get the useful lifting ca- 
pacity. It is the total ladle weight lifted and not the 
weight of hot metal that determines lifting capacity. 
The ladle, with its refractory lining, may be 40 per cent 
of the total weight, so that for 60 tons of liquid steel, 
a 100-ton crane is required. 

After the heat has been poured into the molds, time 
must be allowed for the outer portions of the ingot to 
solidify and form a shell of adequate thickness or, in 
some cases, for the ingot to become completely solid 
before the mold can be removed by the stripping crane. 
On hot-topped molds, some plants provide a stationary 
stripper, located in the pouring aisle, to loosen the 
ingots. This device is installed on the floor with a base 
for holding one mold plus the ingot. 

Ladle Drying and Preheating — ^Another requirement 
for the pouring floor is drying and preheating facilities 
for ladles, stoppers, and hot tops. When ladles arc re- 
fined, the entire lining must be thoroughly dried and 
preheated, and after each heat the nozzle and replaced 
brick must be dried. This is necessary for three reasons: 

(a) To prevent explosions due to generation of steam. 

(b) To reduce thermal shock to the brick. 

(c) To reduce the chilling effect of the brick on the 
hot metal. 

The usual method for drying ladles is to place a gas 
line with a crude burner in the ladle; this is fairly sat- 
isfactory for drying aroimd a new nozzle. 

Another methou is to lay the ladle on its side, placing 
the open top against a brick wall and introducing the 
gas burner through a hole in the wall. This gives more 
uniform drying results. 

Stopper Drying — ^The latest installations for drying 
the stopper-rod-assembly consist of a traveling-chain 
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conveyor passing through a gas-heated oven. Tlie 
stopper rods are suspended vertically on this chain and 
pass slowly through the oven. The cycle is about 24 
hours and when removed at the exit end, the stoppers 
and rods have been thoroughly and uniformly dried. 

Hot -Top Drying — In most shops, hot tops are dried 
with heat from an open gas torch before they are placed 
on the molds. This is particularly true of the refractory- 
lined metal-encased type which are placed on metal 
stands for both preparation and drying between uses. 
It is presently proposed to completely mechanize the 
cleaning, coating, and drying of these tops through use 
of a conveyor line and suitable auxiliary equipment, all 
of which will result in more uniform preparation and 
fully-dried tops. The initial installation of such equip- 
ment has recently been completed in an open-hearth 
plant. At some plants, refractory hot tops may be dried 
separately in ovens whore thorough drying at a uniform 
rate can be secured. 

Electrodes — Sir Humphrey Davy, in his experimental 
work around 1800, used the current from a storage bat- 
tery for the arc, and made his electrodes from wood, 
charcoal, and syrup of tar, molded under 100 pounds 
pressure. 

In 1907, Dr. Heroult imported electrodes from Sweden 
for use in this country, because the largest electrode 
made in the United States at that time was only 12 
inches in diameter. Importation was both slow and ex- 
pensive, so ho built a plant to produce carbon electrodes 
up to 24 inches in diameter. This plant supplied the 
electrodes for the large Heroult electric-arc steelmaking 
furnaces installed in what is now the South Works of 
the United States Steel Corporation, in Chicago, Illinois. 

To the steel maker, there are two kinds of electrodes. 
Graphite (artificial crystalline carbon) electrodes 
(made from petroleum coke) are required in large elec- 
tric steel furnaces, particularly for the manufacture of 
high-alloy steels. Carbon (amorphous) electrodes are 
widely used in small steel furnaces and in submerged- 
arc furnaces for the manufacture of ferroalloys, alumi- 
num, calcium carbide, phosphorus, et cetera. Both car- 
bon and graphite electrodes are used in electric furnaces 
because of their infusibility, insolubility, chemical in- 
ertness, electrical conductivity, mechanical strength and 
resistance to thermal shock. 

Carbon electrodes in turn can be divided into two 
t 3 ^es; one, made of calcined petroleum coke, is used in 
aluminum reduction; the other, based upon calcined 
low-ash anthracite coal, is suitable for the other uses 
listed. Carbon and graphite electrodes are chemically 
essentially the same, but differ widely in their purity 
and electrical and physical properties. 

In manufacture, both carbon and graphite electrodes 
start with mixtures of raw materials properly propor- 
tioned with a suitable bonding material, such as hot 
pitch or tar, and extruded or molded while still hot into 
“green” shapes. These are cooled, packed in powdered 
petroleum coke in furnaces, and baked at the desired 
temperatures. Carbon products are usually gas-fired in 
kilns to approximately 2000“ F. Graphite products im- 
dergo this same gas-firing, followed by repack in 
Acheson electric-resistance furnaces, where they are 
heated to temperatures above 4000“ F. This second 
treatment in the electric-resistance furnace results in 
the formation of graphite (crystalline carbon) and, 
through volatilization, removes most of the impurities. 
Electrodes of both types, after the foregoing processes, 
are cleaned, then bored and tapped—usually on both 
ends. 

As an electrode is consumed in operation, a threaded 
nipple is inserted in the top and a new electrode is 
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Table 16<— IV. Comparison of Carbon (Amorphous) and 
Graphite Electrodes 


Large 


Properties 

Graphite 

Electrodes 

Carbon 

Electrodes 

Specific resistance (ohm- 

inches') 

0.0004 

0.0017 

Specific resistance (ohm-cm.) . . 

0,0010 

0.0043 

Weight (lb, per cu. ft.) 

96 

99 

Apparent density (grams 

per c.c.) 

1.52 

1.57 

Tensile strength (lb. per sq. in.) : 

Lengthwise 

500 

200 

Crosswise 

350 

1.50 

“Practicaf^ oxidation point 

900“ F 

700“ F 

Ash 

0.50% 

T.OVo 

Size ranges: 

Diameter (inches) 

U-3() 

8-40 

Length (inches) 

24-84 

60-110 

Weight (pounds) 

1.6-2,960 

160-7,100 


screwed down tightly on the exposed end of the nipple. 
When carbon nipples are used, a carbon paste is used to 
improve electrical contact. Present trends are toward 
utilization of graphite nipples for joining carbon as well 
as graphite electrodes. Carbon and graphite electrodes 
vary widely in physical shape, dimensions and prop- 
erties. These must be selected carefully, depending upon 
intended usage. A general comparison of the two types 
is shown in Table 16 — IV. Where a single value is given 
it may be taken as average for a variety of sizes and 
shapes. 

Carbon electrodes cost less than one-half as much per 
pound as graphite electrodes. However, the field of ap- 
plication for the carbon electrodes is limited by their 
capacity for carrying electric current, one of 20-inch 
diameter being rated at 17,000 amperes, while the 20- 
inch graphite electrode is rated at 34,600 amperes. For 
this reason, carbon electrodes seldom are used in fur- 
naces with transformer capacities above 3000 kva. 
Figure 16 — 6 shows the relation between the current- 
carrying capacities of carbon and graphite electrodes. 



Fig. 16-6. Relationships between current-carrying capac- 
ities of graphite and carbon electrodes of different di- 
ameters, as used in modern electric-arc furnaces. 


When installed on the furnace, the electrodes pass 
through circular openings in the roof, spaced at the cor- 
ners of an equilateral triangle (see Figure 1ft— 7). 
Water-cooled rings are placed over these openings and 


around the electrodes to act as a seal. The electrodes 
are supported by water-cooled clamps at the ends of the 
horizontal arms that extend over the furnace from 
vertical standards or masts. These clamps form the elec- 
trical connection between the power supply and the 
electrodes, and their design is a very important detail 
of furnace construction. Electrode holders of the wedge 
type have been used for some time but now are being 
supplanted by so-called automatic electrode holders, 
usually of the spring-clamp air-release type which can 
be operated from furnace-platform level to adjust the 
electrodes (Figure 16 — 7). 

On a typical arc furnace, the secondary leads extend 
in the form of bars through the transformer case. From 
this point, the shortest possible delta connection is made 
with heavy copper terminals placed generally in the 
transformer vault wall. The necessary secondary cables 
are utilized and placed in the form of a hollow rectangle 
to eliminate skin effect and give maximum conductivity. 
These cables connect to terminals on water-cooled bus 
tubes mounted on non -magnetic castings, remote from 
steel parts so as to minimize hysteresis and eddy cur- 
rent losses. The electrode arms, with horizontal section 
insulated at the rear, carry the bus tubes and electrode 
holders. The arms are usually in the form of an 
invt^rted-L cantilever mast. Each ma.st is capable of 
being raised or lowered independently to provide sepa- 
rate movement of any electrode. 

The raising and lowering of tlie electrodes is accom- 
plished through wire cables with motor-driven gears 
and winch units. It is the control of the motors driving 
these units that governs the successful operation of the 
furnace during the melting period. 

Soderberg Electrodes — This is a continuous type of 
electrode made of a special paste that is baked by the 
heat of the furnace. A thin -steel cylindrical casing sup- 
ported by two pieces of strip steel welded to the casing, 
one on either side, is filled with this paste. As the casing 
is lowered into the furnace, a new section of casing is 
welded to the top of the last section. As the bottom of 
the electrode is consumed in the furnace, the support- 
ing strips are lowered and the electrodes slipped 
through the clamps. The heat of the conducting current 
plus the heat of the furnace bakes the paste on its down- 
ward travel. 

This type of electrode has been built in sizes up to 27 
inches by 66 inches, with a conducting capacity of 80,000 
amperes. It is used on reduction furnaces where rapid 
movements of the electrodes are not required. Us appli- 
cation to arc furnaces, however, is doubtful because of 
the complicated design of the supporting structure plus 
the mechanism for quickly raising or lowering the elec- 
trodes for control of power during the melting opera- 
tion. 

The Power Transformer — Transformers for electric- 
arc furnaces are similar in design to large power trans- 
formers, except that they are designed for both delta 
(A) and wye (Y) connections on the primary side with 
several full-capacity taps. Because of widely fluctuating 
load, which at times approaches short-circuit condi- 
tions, special bracing of the windings and extra insula- 
tion between turns is required. This latter is needed to 
withstand the high-voltage surges set up by switching 
operations. In normal practice, there may be 125 switch- 
ing operations per 24 hours, and the resulting surges 
often equal five times normal voltage. These trans- 
formers are designed to suit the furnace, and their 
specifications usually are written by the furnace manu- 
facturer. 

All transformers are rated in kva capacity. As dis- 
cussed in Section 13 of Part 3 of Chapter 2, the char- 




Fig. 16~7. Schematic arrangement of the electrodes, their 
supporting masts, and the electrical power leads for an 
electric-arc steelmaking furnace. 





346 


THE MAKING, SHAPING AND TREATING OF STEEL 



Fic. 16 — 8. Diagram depicting the volt-ampere 
characteristics of an arc with respect to its stabil- 
izing element. 


acterlstics of an alternating-current circuit may re- 
sult in the voltage and current being out of phase. This 
results in a loss of power, and the ratio of the useful 
power in the circuit to the apparent power supplied to 
it is called the power factor. The unit “kva,” an ab- 
breviation of “kilovolt-amperes,” represents the prod- 
uct of the impressed voltage and the current in the 
circuit, and is a measure of the apparent power. 

kva =: kilovolts X amperes 

The useful power in the circuit is measured in kilowatts, 
kilowatts = kilovolts X amperes X power factor 

Kilowatts are equal to kva in the unusual case when 
the power factor is 1.0. The power factor is usually less 
than 1.0, so that the useful power (kilowatts) is usually 
less than the apparent power (kva) . 

Tap Changers — During the melt-down period in an 
electric-arc furnace, the delta connection on the pri- 
mary winding is used as this gives higher secondary 
vqltages. Each winding of the three-phase transformer 
has from four to six taps, which are terminated in a 
motor-driven tap changer located in a separate tank 
or control cubicle mounted on the side of the trans- 
former. By changing from delta to wye connection, the 
voltages on the taps give secondary voltages in the 
proportion of 1.0 to 0.58. The mechanism of the tap 
changer is inter-locked with the main circuit breaker 
so that it is impossible to change taps under load. 

Reactors — ^Due to the fact that, when starting to melt 
a heat, the resistance of the secondary circuit is very 
low, means must be provided to limit the current flow. 
This is done by adding reactance in the primary circuit. 
On small 60-cycle transformers (2,000 kva) the value 
of this external reactance may be 0.012 ohms, which 
value decreases to about 0.003 ohms on the 12,()00-kva, 
60-cycle size. On 60-cycle systems, sufficient reactance 
is obtained as inherent transformer reactance and re- 
actance of leads to eliminate the use of any external 
reactance on transformers in excess of 7500-^a capac- 


ity. On 25- cycle power supply, the limiting value is ap- 
proximately 15,000 kva. 

Where large transformers are used, it is important to 
maintain the total of the impedance of the circuit to a 
minimum, and secondary voltages of sufficient value 
must be utilized to permit introduction of the power at 
a desirable power factor. 

Size of Transformers — The size of furnace transformer 
required is governed by several factors. 

(1) Whether hot metal or a 100 per cent cold charge 
is to be used. 

(2) Restrictions that may be imposed by the power 
supply. 

(3) The capability of the electrodes to carry the heat- 
ing current and the ability of the charge to ab- 
sorb it. 

The rate at which a given charge will absorb heat 
is measured by the temperature gradient within the 
mass. This rate declines continuously as the average 
temperature of the charge rises and reaches zero at tem- 
perature equilibrium in the furnace chamber. 

On arc furnaces up to and including 3000-kva capac- 
ity, voltage taps generally range from 250 volts, phase to 
phase, with transformer primary connected delta, down 
to approximately 90 volts wiA transformer primary 
connected wye. On larger furnaces with transformers 
of 20,000 kva and greater, secondary voltage taps may 
range from 550 volts with primary connected delta, 
down to 150 volts with primary connected wye. 

The Secondary Circuit — An electric arc converts large 
quantities of electric power into heat in a space of small 
volume. This concentration of heat developed at a high 
temperature— about 6300® F (3500® C) for the carbon 
arc — is the initial consideration in the design of the fur- 
nace chamber. A peculiar electrical feature of the arc is 
that its voltage decreases with an increasing current as 
shown in Cxirve A (Figure 16—8). Hence, the arc is 
inherently unstable. 

The condition for stability of an electric circuit with 
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a constant voltage is a positive volt-ampere character- 
istic, that is, an increase in voltage drop in the circuit 
simultaneous with an increase in current. To obtain this 
stability, something has to be added to the secondary 
circuit that will produce a positive volt-ampere char- 
acteristic and this something is reactance. Curve B 
(Figure 16 — 8) shows the curve for this part of the sec- 
ondary circuit, and since this reactance is in series with 
the arc circuit, the two curves combine and form the 
total curve C. The dotted line a-a shows the lower limit 
of stability, and stable arc conditions are obtained by 
adjusting the length of the arc for some amount of cur- 
rent higher than the critical value indicated by the line 
a-a. In general, the circuit is stable with about 50 per 
cent reactance-volts drop in the arc circuit. This does 
not cause an energy loss, but does lower the power 
factor to about 87 per cent. 

The arc-furnace circuit, when operated at a constant 
given voltage, supplies a constant power factor load 
during the phase of operations when that selected volt- 
age is used. However, the reactance of the secondary 
circuit is what determines the value of the power factor. 

The secondary circuit thus consists of a fixed re- 
actance of supply lines, cable, transformers, bus and 
furnace leads, and a variable resistance consisting of the 
fixed resistance of these same circuit elements plus the 
variable resistance of the arc itself. The voltage applied 
to the circuit may be varied by adjustment of the tians- 
former taps. The power at any given voltage is varied by 
changing the resistance of the arc. This may be done 
by raising or lowering the electrodes; this is accom- 
plished by an automatic control that seeks, by position- 
ing the electrodes, to find and maintain constantly the 
current value that has been selected by the furnace 
operator. 

If the kilowatt and the kilovolt-ampere inputs are 
plotted for any given voltage with variations in the cur- 
rent input, the curves will be similar to those shown 



Fic. 16—9. Curves illustrating electrical char- 
acteristics of the electric arc-furnace circuit. 
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on Figure 16 — ^9. As the current increases, the kilovolt- 
amperes input increases in a straight line, since it is the 
product of kilovolts and amperes. The kilowatt input, 
however, increases only until a current is reached that 
will produce a power factor of 0.707 in the circuit. Fur- 
ther increases in current beyond this point cause a de- 
crease in kilowatt input with increased kilovolt-ampere 
input and lower power factor. 

Since a part of the energy input is dissipated in PR 
(heat) losses in the transformer bus and leads, the 
actual kilowatt input to the furnace itself will be less 
than that shown on curve A (Figure 16--9) and will 
follow curve B, reaching a maximum at some circuit 
power factor higher than 0.707, depending upon the re- 
sistance of the other circuit elements. Since the losses to 
these other elements of the circuit vary as the square of 
the current, the result is a falling efficiency curve as 
shown (Figure 16 — 9). 

It is perhaps unfortunate that current provides the 
most convenient factor for automatic control of the cir- 
cuit. Furnace operators may thus be misled into a.s- 
sociating heat input with amperes rather than kilowatts, 
and in their attempts to get high heat input into a fur- 
nace, use current settings beyond those that give the 
optimum kilowatt input, as defined above. Such practice 
results not only in high kilovolt-ampere demand and 
lower power factor, but also in the actual loss of steel 
production and increased incidental costs. 

It is the custom in modern shops to determine this 
maximum current for each voltage setting and give this 
information to the melter. The following table has been 
worked out for a three-phase, 10,000-kva furnace trans- 
former: 

Volts 200 250 300 

Optimum current (amperes) . . . 12,910 16,130 19,300 

Maximum power (kw.) 3000 4700 6765 

Approximate power factor 

(per cent) 74 74 74 

The Primary Power Supply with Circuit Breaker — 
The type and size of circuit breaker to use for the pri- 
mary ciremt on large furnace transformers is a matter 
of controversy. Since the power supply is usually a 
high-capacity utility system, the required rupturing 
capacity of the breaker is often 1,000,000 kva. In actual 
operation, the breaker is opened each time a trans- 
former tap is changed. There may be 100 such opera- 
tions per day, and these high-rupturing-capacity break- 
ers are not designed mechanically for such service. In 
addition, this type of breaker is designed primarily to 
interrupt heavy currents. Its operation is partially de- 
pendent on the magnetic field created by these heavy 
currents to quench the arc. When operating with only 
the magnetizing current of the transformer to break, 
this effect is not present and there is a tendency to burn 
the contacts. As a result of these factors, it is necessary 
to make both mechanical and electrical repairs to the 
breakers with each furnace relining. 

There are several methods used to minimize circuit- 
breaker maintenance: 

(1) During the melt-down period there is in effect a 
series of short circuits on the transformer sec- 
ondary circuit. If a breaker with a capacity to 
open the most severe of these short circuits is 
selected, the 1,000,000-kva rupturing-capacity 
size is not required, and a breaker with a lighter 
operating mechanism can be installed and the 
maintenance reduced. This breaker, however, 
must be inter-locked so that it will not function 
if there is a short circuit or grotmd within the 
transformer, and a back-up breaker miist be in- 




348 


THE MAKING, SHAPING AND TREATING OF STEEL 

A C SUPPLY TRANSFORMER 



Fig. 16—10. Schematic elementary diagram of one type of regulating 
system for electric-arc furnaces. (Courtesy, Westinghouse Electric 
Corporation.) 


stalled ahead of the furnace-shop power supply, 
set to operate under these conditions. 

(2) Compressed-air-operated breakers can be used 
for ^is work. The air required for their opera- 
tion is supplied from a small compressor. This 
breaker has light moving parts and is designed 
for frequent operation. It has been very success- 
ful on installations up to 22 kilovolts and can be 
specified for the full rupturing capacity required 
by the power system. 

(3) Another type of switch is an air-operated dis- 
connecting unit with sufficient interrupting ca- 
pacity to open under electrode short circuits. A 
back-up breaker is required with this type of 
switch. 

Control of Power Supply to the Charge — The early 
arc-fumace regulator was a simple current-operated 
device. The current transformers in each phase of the 
secondary circuits had secondaries which were con- 
nected to the regulating coils, and the pull of this cur- 
rent in the coil was balanced against a spring. Contacts 
on the plunger made connections with either the up or 
down set of contacts when the electrode current was 
higher or lower than the current setting. These contacts 
were relayed to the control of the electrode motors and 
caused them to operate in the proper direction as the 
current varied from some pre-determined value. 

This control was unsatisfactory because the restrain- 
ing force of the spring was constant. The variations of 
current during melt down are rapid, and the mechanical 
movement of the electrodes comparatively slow, so that 
this control responded to the average value of current 
variation. Furthermore, a three-phase system of cur- 
rents in an electric furnace is very complex and the 
values of the currents in the regulator are interdepend- 
ent, the value in any phase at a given time being de- 
termined by conditions in the other two phases, as well 
as by the length of the arc in that particular phase. 

It is well known that the voltage drop across the arc 
will increase as the current decreases, and vice versa. 
Hence, if the varying pull of a coil or other regulating 
device, which is proportional to the current in the elec- 
trode, is matched against a restraining force that is pro- 


portional to the voltage drop across the arc, the utmost 
sensitivity to changes in arc length can be obtained in 
the regulator. 

The above is the principle used for the constant- 
potential, magnetic control systems used on most arc 
furnaces and, when combined with dynamic braking 
on the electrode-motor circuit, has been the standard 
method of control. This is known as the balanced-beam 
control. 

Quite independently of the arc-furnace industry, 
new methods of regulation using rotating equipment 
with variable-voltage control were developed. When 
applied to electrode control, the several systems based 
on this principle balance currents in the electrode cir- 
cuits against the voltage across the arcs and combines 
these with variable-voltage controls on the electrode 
motors. 

The advantages claimed for these methods are as fol- 
lows: 

1, Variable- voltage control of the electrode motors 
results in motor torques directly proportional to the 
average unbalance between the current in the 
electrode and voltage across the arc, and gives an 
increased speed of response to these motors, re- 
sulting in smooth acceleration and deceleration. 

2. When maximum unbalance occurs, the maximum 
permissible voltage can be applied to the motors 
causing high-speed withdrawal of the electrodes. 

Figure 16 — 10 shows an elementary wiring dia- 
gram of one of these systems. The current-control 
field of the regulating element (a) is energized by 
a dry-type rectifier (b) which in turn is connected 
to a current transformer (c) in the electrode circuit. 
The potential-control field (d) is energized in a 
similar manner from the voltage drop between the 
electrode and the shell of the furnace. 

When the breaker is closed, voltage is applied to 
the potential control field which causes the genera- 
tor voltage to build up in the direction to lower the 
electrodes. When the first electrode strikes the 
metal charge, the voltage drops to zero causing the 
electrode motor to stop. When a second electrode 
strikes the metal, a current will flow causing the 
current-control field to become energized, which 
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acts to raise the electrode and establish an arc. As 
the arc is lengthened, its voltage increases and the 
current decreases until a balance is established be- 
tween the potential and current-control fields. 

Provision is made for manually controlling the 
electrodes individually, or automatically in a group. 
The operator sets the voltage tap on the furnace 
transformer and adjusts current input by a rheostat 
to the value desired. 

3. Installations with this type of control, having 
smaller load fluctuations because of the increased 
speed of response, decrease electrode breakage and 
result in a decrease of kwh.-consumption per ton 
of ingots. 

4. It is possible to build this control with the three 
generators driven by a single motor with a small 
flywheel, assembled on a common bed plate. Should 
the alternating-current power fail, there is enough 
momentum in the flywheel to keep the set spinning, 
and maintain voltage in the direct- current genera- 
tors for a sufficient time to raise the electrodes out 
of the bath. 

Operator’s Control Panel — With each electric-arc fur- 
nace, it is customary to mount a control panel, u.sually 
in the wall of the transformer vault, with the instru- 
ment side of the panel flush with the outside wall. This 
panel contains all the instruments, rheostats and control 
switches for the operation of the furnace, with the ex- 
ception of the control for the tilting mechanism. This 
master control station usually is located near the charg- 
ing side of the furnace. 

One of the control switches, with a red and a green 
indicating lamp on either side, closes and opens the 
main circuit breaker. Another operates the tap changer, 
but is so interlocked that it cannot be operated unless 
the main circuit breaker is open. If rotating-type con- 
trol is used, the starting switch for the set, plus three 
switches to manually control each electrode motor, are 
needed. 

There are three ammeters, one for each phase, and 
above each a rheostat. The value of the current that 
is to be maintained in each phase by the automatic 
control is set by the individual rheostats. 

Above the ammeters is a wattmeter and a power- 
factor meter, which indicate the useful power being 
taken into the furnace and the power factor. There is 
some question of the accuracy of the power- factor read- 
ing, because of the complexity of the varying currents 
in all three phases, but it is a guide point and is required 
on all boards. 

An integrating watthour meter, which adds up the 
kilowatt hours on the furnace, completes the normal 
complement of meters. Some operators install a graphic 
watthour meter to keep a record of the power changes 
and consumption at various times during the heat. 

Power Requirements— Power requirements for actual 
melting are variable and depend upon the definition of 
when the charge is melted. Generally, it is assumed 
that the charge is melted when no further scrap re- 
mains and the metal has reached a temperature of 
2850® F. Depending upon thickness of the lining and 
other variables that affect furnace efficiency, the 
kilowatt-hours required for actual melting vary from 
between 400 and 425 per ton. 

The problem of determining the amount of power to 
be used during the meltdown period has to be based 
on several factors incident to the furnace installation 
and type of charge, but the maximum useful power that 
can be used Is determined by the characteristics of the 
secondary circuit. 
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The arc itself is virtually a resistance drop, which is in 
series with a large reactance drop caused by the leads 
and tranj5former winding. The resistance drop is in 
phase with the secondary current, while the reactance 
drop is 90 degrees out of phase. The resultant relation 
is the vector sum of these two drops, and the cosine of 
the angle between the resultant current and the voltage 
is called the power factor. The useful power or kilo- 
watts used to melt equals the product of the voltage 
drop times the resulting current times the power fac- 
tor. When the ampere loading reaches a point where the 
power factor is 0.707, maximum power is going into the 
charge. This power factor (0.707) is that of the sec- 
ondary circuit. Since the current and potential trans- 
formers that operate the power-factor meter are in- 
stalled on the primary circuit of the power transformer, 
there is an additional reactive drop in these windings; 
so that maximum ampere input to the furnace occurs at 
from 0.75 to 0.80 power factor as read on the meter. 

The maximum useful amperes for a given secondary 
voltage can be found by increasing the current until the 
kilowatt-meter reading reaches a maximum and then 
gives decreasing readings. The amperes at this value arc 
the maximum to use, as any further increase not only 
will reduce the melting power but also heat up the 
leads and the transformer. 

Following the meltdown period, the power require- 
ments are reduced while the heat is worked and refined. 
This period depends on the composition of the steel, 
quality of scrap, furnace condition, and shop practice. 

The rapidity of melting is a function of the amount 
of energy introduced in a given time. Theoretically, 
there is no limit to the amount of power that can be 
introduced to the furnace. However, if the energy in- 
troduced to the furnace is not absorbed by the charge, 
high gradient temperatures occur which will cause de- 
terioration of the side walls and the roof. Thus, rapidity 
of melting depends entirely upon how rapidly energy 
can be introduced to the charge. As the energy intro- 
duced is largely in the form of radiation, it follows that 
light scrap with greater surface area can usually be 
melted more rapidly than heavy scrap. It is important, 
therefore, that the rale of power input does not exceed 
that rate of heat absorption by the charge. It is always 
advisable to utilize the minimum secondary voltage 
necessary to introduce the required amount of power 
at the proper power factor. On this basis, the arc length 
is at a minimum and damage to refractories is lessened. 

Some mellers start a meltdown with a lower voltage 
and amperage than they use after the melt has started. 
In a published record of a 50-ton furnace having the 
following transformer taps: 282, 242, 220, 199, 165 and 
115 volts, good furnace results were obtained with these 


values: 

Volts 

Amperes 

Minutes 

Start 

199 

25,000 

15 


282 

32,000 

130 


242 

25,000 

15 


In a shop using a 90,000-pound charge of alloy steel, 
the average kwh. per heat was 24,600 or 547 kwh. per 
ton for 200 heats. If 450 kwh. per ton were required for 
melting, then 97 were required for refining. The average 
time from tap to tap was 6 hours, 8 minutes, of which 
37 minutes were required for charging. The average 
input during the meltdown period was 12,300 kva. 

In connection with power input, the maximum input 
to the furnace is measured by two factors: 

1. The rate at which a given charge will absorb the 
heat is a function of the temperature gradient 
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within the mass. This rate declines continuously as 
the average temperature of the charge rises and 
reaches zero at temperature equilibrium in the fur- 
nace chamber. 

Inasmuch as the energy developed at the arc is 
largely radiant energy, the rate of heat absorption 
by the charge is largely dependent upon the area 
exposed to the radiation; hence, with large pieces 
of heavy scrap, the rate of heat absorption is con- 
siderably less than that which is afforded by the use 
of very light scrap with large area. 

2. On small furnaces, the electrical circuit, including 
the reactor, is adjusted so as to give an average 
primary power factor during meltdown of approxi- 
mately 87 per cent at full load. There are cases, 
however, where the companies supplying power 
object to the maximum swings in demand and insist 
on additional reactance in the primary circuit to 


dampen these swings and reduce the power factor 
to 80 per cent or 82 per cent. 

In Figure 16—9, the curve of power input plotted 
against current indicates that a relatively wide 
variation in current can occur without an appre- 
ciable change in useful power input. Thus, very 
little is gained in power input if a furnace is oper- 
ated with a secondary power factor of less than 75 
per cent. This means that the power factor meas- 
ured on the primary side of the furnace transformer 
would normally be close to 80 per cent. 

As a rule of thumb, it can be said that it is not 
economical to operate an arc furnace with a 
primary-side power factor under 80 per cent. It 
should be noted that the 0.707 power factor men- 
tioned earlier as providing maximum power input 
to the charge is measured on the secondary side of 
the transformer. 


SECTION 3 

THE BASIC ELECTRIC-ARC FURNACE PROCESS 


Before the location for an electric-furnace plant for 
the production of ingots by the basic process can be 
selected, its capacity and probable growth must be 
known, as an ample electric-power supply must be 
available. If it is assumed that the plant will have an 
initial annual capacity of 200,000 tons of ingots per year 
and a future capacity of 400,000 tons per year, a power 
supply of 50,000 to 60,000 kilowatts must be available. 

This amoimt of power is not available in the generat- 
ing stations of the steel plant and due to the highly 
fluctuating loads, poor power factor and load factor, 
it is not desirable on some utility systems. For these 
reasons, a source of power must be found before decid- 
ing^n a plant location. 

Installations have been made as additions to existing 
open-hearth shops. These involved low investment 
charges, as the electric furnace was installed either 
on the location of a dismantled open hearth or in an 
addition to the building. Hence, existing cranes, stock 
facilities, utilities, etc., could be used for ^o new instal- 
lation. 

Some of the objections to this type of layout are: 

(1) The chance of carbon pick up from the hot metal 
mixer (from flakes of graphite or kish floating in 
the air) . 

(2) Difficulties in scrap segregation. 

(3) Congestion on the pouring floor. 

Several plants were installed as complete steelmaking 
units which required a full complement of buildings, 
cranes and tracks. This arrangement is more costly 
but allows for segregation of materials, setting up a 
working force who are concerned only with making 
electric-furnace steels, and supervision is concentrated 
on the products. 

Stocking and Charging Facilities — most modem de- 
sign for a basic-process electric-furnace plant calls for 
a lower level stockhouse located as an extension to the 
end of the furnace building or adjacent and parallel to 
the furnace building. At either of these two locations, 
drop-bottom charging buckets, ranging in capacity from 
100 to 3300 cubic feet as required by furnace size, are 
loaded at ground level and subsequently moved by an 
overhead crane in the first instance or by transfer car 
and overhead crane in the second instance to the fiur- 
nace floor, from which point they may be charged into 
the furnaces. Some older plants originally equipped 
with door-charged electric furnaces have two-level 


stockhouses, the higher level being for the charging 
cars which can be loaded on the furnace level and 
the lower level used for storage bins. 

In electric-furnace practice, the different lots of alloy 
scrap arc kept in separate bins and, during normal 
times, between twenty and forty bins are required. 
When the use of virgin alloys is restricted, scrap must 
be segregated further and perhaps 65 or more kinds of 
scrap must be used, depending upon the grade of steel 
being made, as discussed later under “Utilization of 
Steel Scrap.” Few stockhouses are designed for this 
practice and this may result in stocking out of doors. 

Since the charge should be dry before it is placed in 
the furnace, a covered stockyard is advantageous. For 
a 200,000-ton plant, at least two 10-ton cranes equipped 
with lifting magnets are required in the stock yard. In 
those plants where the boxes are loaded on the lower 
level, they are placed on platens which are raised to the 
charging cars on the furnace floor. A 30-ton crane is 
required for this service. This layout calls for the loaded 
boxes to be carried to the scales and weighed before 
placing on the platen, which holds three or four boxes. 
This system has the advantage of easy, accurate weigh- 
ing and conserves space in the stockyard. With this 
system of stocking, a study of crane movements with 
timing cycles is required as the operation can be bot- 
tlenecked by the cranes. 

Tracks for both the incoming supplies and the charg- 
ing cars are important factors in the plant layout. The 
daily supply of scrap for a 200,000-ton annual capacity 
shop will require a minimum of 11 railroad cars, in ad- 
dition to those required for limestone, ore, brick, etc. 
In addition, storage tracks, located nearby, are required 
for these materials to provide for possible irregularity of 
railroad movements. 

UTIUZATION OF STEEL SCRAP 

Scrap Segregation— The necessity for conserving the 
valuable alloy content of steel scrap, to economize in the 
use of virgin alloys and to insure that only the elements 
desired are introduced in making the steel, makes it 
absolutely necessary to segregate or separate the avail- 
able scrap into stock piles of identified grades. When 
the “product mix” (grades of steel produced) varies a 
great deal, the scrap classification by alloy content must 
be much more extensive than for a specialty plant pro- 
ducing the same grade continuously. One plant, making 
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various grades of steel by the basic process, including 
alloy and stainless steels, has found it necessary to 
segregate their scrap stock into 65 classifications. 

The scrap stock may be revert or home scrap from 
the rolling mills and forge shops of the same plant 
where the electric furnace operates; it may be obtained 
from scrap dealers, from customers, from other steel 
producers, or from sister plants. To produce econom- 
ically the wide range of steels common to modem prac- 
tice requires careful selection of the scrap, and a scrap 
segregation and control plan is essential. 

The term “segregation’' as used here may be defined 
as the separation of a mass of mixed scrap into piles of 
individual compositions. Close adherence to a definite 
scrap-segregation program is essential if the greatest 
benefits are to be obtained with respect to alloy con- 
servation and melting close to the desired composition. 
Consistent melting practice is an aid in maintaining mill 
schedules for the production and delivery of steel, and 
helps to obtain optimum tonnage from a given unit as 
well as to maintain steel quality at the high standards 
demanded by industry. Any even temporary disregard 
of the scrap-segregation program will lead to loss of 
alloys, and non-oxidizable elements such as nickel and 
copper may enter and remain in the bath and cause the 
heat to be scrapped or, at best, diverted to another order 
which originally did not require the use of so many 
valuable elements. For example, chromium can be 
oxidized from a heat ordered as nickel-molybdenum 
steel but it is a costly and wasteful process. On the other 
hand, nickel cannot be oxidized from a chromium- 
molybdenum heat; therefore, if it is present and the 
order restricts the nickel content to no nickel or very 
low limits, the heat must be diverted or scrapped. 

Methods for Insuring Proper Sogregulion of Scrap — 
The segregation of home scrap is comparatively easy 
but the introduction of outside or foreign scrap im- 
poses a problem. Several methods are available for 
testing the scrap to determine if it is what it is supposed 
to be. These include chemical analyses of selected sam- 
ples, spectrographic analysis, and less costly and less 
accurate methods such as magnetic tests, to separate 
magnetic from non-magnctic scrap, and the “spark” test. 
The latter is made by holding a piece of scrap against a 
grinding wheel and observing the shower of sparks; it 
is possible for a trained observer to differentiate be- 
tween the various kinds of steel scrap by noting the 
color of the spark, the length of the spark lines, and the 
characteristics of the ends of these lines. In addition, a 
couple of rough tests may be mentioned; for example, 
“spot tests” which permit rough estimates to be made 
of the amount of nickel or one of several other elements 
present by the use of a chemical solution or solutions 
applied to a clean surface of the sample to be tested. 
Another rough test is the “pellet” test by which a few 
elements may be detected by viewing oxidized particles 
from “spark” tests under a magnifying glass. 

Physical Requirements of Scrap— The size of the scrap 
or its bulk density is of importance. The size may vary 
from ingots of various sizes to turnings from machine 
shops. Heavy scrap (ingots, ingot butts, crop ends) has 
considerable weight per unit volume, while the weight 
per unit volume for light scrap is low. Therefore, if 
there is too much light scrap in the charge for a given 
heat, the total volume of heavy and light scrap will ex- 
ceed the volume of the furnace and part of the scrap 
cannot be charged until a portion of the charge is melted 
down. A charge made up entirely of heavy scrap is also 
objectionable, because it does not permit the shielding 
of roof and walls during the melt-down period to the 
same extent as a mixed charge of greater volume, and 
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results in decrease of refractory life. Another physical 
requirement, especially with heavy scrap, is that the 
pieces are not too long, so that the charge in the fur- 
nace may be kept relatively dense and not opened up 
by longer pieces which, as a rule, do not lie in a hori-. 
zontal plane. If the scrap charge is made up of ap- ' 
proximately 40 per cent heavy, 40 per cent medium, 
and 20 per cent light scrap, a density usually is obtained 
which reduces the number of “back charges” (the 
charging of additional scrap after the original scrap 
charge has melted down). 

Selection of the Scrap Charge -With an efficient 
scrap-segregation plan in effect and with scrap avail- 
able that has the proper physical characteristics, the 
charge should be made up as follows: 

1. Grades of scrap must be selected which together 
contain the elements necessary to make the heat or- 
dered. The charge may contain all or part of the speci- 
fied elements, with care being taken to see that no 
scrap is included that contains elements which are not 
a part of the specification. This is imperative if the scrap 
contains an element which cannot be oxidized by regu- 
lar practice. 

2. For economical operation, each element contained 
in the scrap selected should approach by weight, as 
closely as possible, the number of pounds of that ele- 
ment required to meet the lower range of the chemical 
specifications (for that element) in the ordered heat. 

3. Knowing the amount of the various elements con- 
tained in the combination of scrap selected for a heat, 
the total amount of virgin alloys necessary to make the 
heat are calculated. This calculation is based on the 
weight of the heat to be made (furnace capacity and 
amount specified by an order) and the specification. In 
making these calculations, allowance must be made for 
adjustments during the making of the heat; for example, 
losses in melting some alloys and the possible absorption 
of certain alloying elements from the bottom and banks 
of the furnace. In regular practice, a heat made to a 
low alloy specification occasionally finishes outside of 
the specified composition ranges when the heat is made 
immediately following a high alloy specification, such 
as a stainless grade of high-manganese steel, etc. The 
usual practice to overcome this difficulty is to make a so- 
called wash heat; i.c., a heat of medium alloy specifica- 
tions, but containing the same elements, made following 
the high-alloy grades. The purpose of the “wash heats” 
is to have any absorption of elements from the furnace 
bottom and banks take place in a heat in which the in- 
crease in certain elements is not harmful and thus pre- 
vent high residuals in the low-alloy heats which will 
follow. 

4. Efficient operation makes it necessary that the 
scrap selected for a given charge is not only satisfactory 
for that charge but that it be selected on the basis of the 
scrap available for efficient operation over a period of 
time. If only heavy or medium scrap were used for a 
few heats, it is probable that these particular heats 
would be speeded up. If, however, at the same time a 
large inventory of light scrap (turnings, punchings, etc.) 
were accumulating, excessive amounts of this light scrap 
would have to be charged in later heats, probably with 
back-charging, and the delays and damage to refrac- 
tories would far off-set any gains in the few heats 
made with heavy and medium scrap. 

5. It is probable that no part of the routine of charging 
the furnace is of more importance than the loading ani 
weighing procedures. Unless the proper type of 

is selected and correctly weighed, the final prodi|^ 
probably will be of the wrong composition, 
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all adjustments are based on what is assumed to be the 
correct weight of the scrap charged originally. 

CHARGING, MELTING AND FINISHING 

Charging the Furnace — The various types of charging 
equipment have been described earlier in this chapter. 
Regardless of the type of furnace, whether door or top- 
charged by hand, chute, bucket, or charging machine, 
an efEort should be made to place the charge as ac- 
curately as possible. 

The power is turned off and the roof and electrodes 
are moved out of the way in the case of top-charged 
furnaces. With door-charged furnaces, the electrodes 
are raised as high as possible to prevent breakage dur- 
ing charging, and the charging started. Light or medium 
scrap is charged in a thin layer on the bottom or hearth, 
because this type of scrap melts faster than large pieces 
when the metal directly under the electrodes melts and 
drips down through the charge and collects on the bot- 
tom of the furnace. Heavy scrap is charged in the area 
within or adjacent to the triangle or “delta** formed 
by the electrodes and must be charged in such a way 
that it will not shift during melting down and cause 
possible breakage of electrodes by falling against them. 
After this, light or medium scrap is usually piled high 
around the sides of the furnace to protect the roof and 
side walls from tlic arc during the melt-down at high 
power input. 

Ferro-alloys, alloying oxides and virgin alloys which 
are not easily oxidized, can be and usually are charged 
in the furnace prior to melting down. 

It is desirable to melt down with excess carbon in 
the bath in order that some carbon may be worked 
out by ore additions. If the metallic charge is too low 
in carbon, a rccarburizer in the form of coke or scrap 
electrodes is charged with the scrap to allow for a 
carbon content of the bath at melt-down that will be 

0.15 to 0.25 per cent higher than the carbon content of 
the finished steel. 

Ore is added to lower the carbon content. Various 
operators may charge the ore with the scrap, or when 
the charge is partially melted, or when the charge is 
completely melted. The control of the boiling action 
V , caused by the addition of ore, cinder and roll scale to 
eliminate the excess carbon is one of the most im- 
portant factors in the production of high-quality steel. 

methods of charging the ore may be adapted to 
^eet the conditions existing with a particular charge 
.to give the best results in making the specified grade 
^ of steel. 

Any general description of making steel in the basic 
electric-arc furnace must be broad enough to include 
double- and single-slag methods with other variations. 

Considering as the basis for discussion the double- 
slag, cold charge practice, because it is relatively the 
most complicated, it can be divided into: (1) the melt- 
down and/or oxidizing period, (2) the slag-off period, 
(3) the reducing period, and (4) the tapping period. 

Melt-Down and/ or Oxidizing Period — When charging 
has been completed, the bank in front of the charging 
door is built up with refractory material (dolomite) to 
form a breast or dam to keep the molten metal from 
slopping out the door (furnaces may have more than 
one door if the size warrants) . The door (or doors) is 

f and the electrodes are lowered to about an inch 
he scrap. The main circuit breaker is closed, an 
»diate voltage is selected with proper current 
on the rheostats, and the arcs are struck under 
tie control. After approximately 15 minutes (to 
bie electrodes to bore into the scrap), maximum 


voltage and current should be applied for the fastest 
possible melting of the scrap. The initial slow start is 
to shield the lining and roof from the heat of the arc, 
which lengthens as the voltage is increased. 

The melting period in the basic electric furnace is the 
most expensive period in its operation because power 
and electrode consumption are at the highest rate dur- 
ing this period. 

The electrodes melt the portion of the charge directly 
underneath them, and continue to bore through the 
metallic charge, forming a pool of molten metal on the 
hearth. From the time the electrodes bore through the 
scrap and form the pool of molten metal on the hearth, 
the charge is melted from the bottom up by radiation 
from the pool, by heat from the arc, and by the re- 
sistance offered to the current by the scrap. This con- 
tinues until the charge is entirely melted. 

From the time molten metal begins to form until the 
entire charge is in solution, oxidation occurs in varying 
degrees. During this period phosphorus, silicon, manga- 
nese, carbon, etc., are oxidized, the reactions being 
somewhat as follows: 

1. (a) 2 FeJ> -f 8 FeO = 3 FeO* P^On -f 11 Fe 

(b) 3 FeO- PaO# -f 3 CaO = 3 CaO- P^^O# + 3 FeO 

2. Si +2 FeO = SiOa + 2 Fe 

3. Mn + FeO = MnO -f- Fe 

4. C -f FeO = CO + Fe 

Oxygen for these, as well as other oxidizing reactions, 
is obtained from (1) the oxides on the original scrap 
surface, (2) free oxygen in the furnace atmosphere, 
(3) oxidation of the scrap during melting, (4) calcina- 
tion of limestone (if used), (5) oxidizing action of the 
gases in the furnace, (6) oxides of alloying elements 
added in the furnace, (7) ore, cinder and scale (if 
charged or added later) , and (8) oxygen gas introduced 
into the molten-steel bath through a pipe or lance. The 
direct use of oxygen gas (Item 8) is extremely im- 
portant in modern practice from the standpoint of re- 
moving carbon from the bath rapidly. 

Oxidation practice must be varied with different 
grades of steel. For example, low-carbon steels and 
those in which the hydrogen content must be low, re- 
quire a relatively high degree of oxidation. As the oxi- 
dation progresses, the temperature of the bath is raised 
to promote carbon removal and to increase the fluidity 
of the bath to the point where inclusions may rise 
through the molten metal to its surface and into the slag. 
The reaction of FeO with C forms CO gas, and this gas 
generated in the bath gives rise to the boil. Maximum 
cleanliness of the steel demands a high degree of oxida- 
tion and a hot, active bath. Oxygen blown into the bath 
is of great assistance in attaining these ends. 

The reactions taking place in the bath of the basic 
electric-arc furnace during the oxidation period are 
similar to those in the basic open-hearth, except that 
the electric-furnace bath can be made hotter (hence, 
there is more chance of phosphorus reversion unless the 
slag is strongly basic). Also, there is no continuous 
supply of oxygen to the bath as from the open-hearth 
flame. 

When the charge has been melted completely under 
the conditions described, a preliminary sample is taken 
for chemical analysis and any additional materials re- 
quired are added to promote further oxidation and ad- 
just the basicity of the slag. If the oxides with acid 
properties (SiOs, PaOs, FeaO., etc.) are in excess of the 
oxides having basic properties, (CaO, MnO, MgO, FeO, 
etc.), the slag is an acid slag, while a basic slag is one 
having an excess of basic oxides. If the total amount of 
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basic oxides balances that of the acid oxides, a neutral 
slag is formed. The lime-silica ratios (the so-called “V** 
ratios) are used generally in calculating the basicity of 
slag. If the “V” ratio is greater than 2.0, the slag is 
“basic;” from 1.0 to 2.0 it is semi-basic, and if less than 
1.0 it is considered acid. In the process described, the 
slag test should show a lime-silica ratio of from 2.2 to 
2.8. Several methods are used for the above calculation, 
three of which are as follows; 


, . . % CaO 

1. Lime-silica ratio = -g-—-— 
% SlOa 


2, Corrected ratio 

3. Corrected ratio 


_ CaO — 1.6 P^Or 
“ Si07“ 

__ CaO 

SiO. + 0.634 P.O5 


Electric-furnace steel may be made by a single slag 
process; the slag is first oxidized as described and then 
made reducing by adding the proper materials during 
the refining period. The usual practice with the cold- 
melt process is to use a double-slag method, an oxidizing 
slag followed by a reducing slag. If desired, it is also 
possible to use a neutral slag in ca.se it is necessary to 
maintain the bath without further refining. 

Refining — In the double-slag method the original slag, 
with its oxidation products, is slagged off or removed 
from the surface of the bath by cutting off the electric 
power to the electrodes, raising the electrodes, back- 
lilting the furnace slightly, and then raking the slag out 
through the charging door with wooden or steel rabbles. 
The original slag must be removed thoroughly to pre- 
vent delay in making up the second slag and reversion 
of any elements from .slag to metal. 

The materials used in making up the second or reduc- 
ing slag are burnt lime, fluorspar, and silica sand, with 
powdered coke to supply carbon for forming calcium 
carbide. 'lypical proportions are 5 to 8 parts of lime, % to 
2 parts of fluorspar, 1 to 2 parts of coke, and Vj to 1 part 
of silica sand. The above amounts are premixed in pro- 
portions determined by experience. Sufficient sand and 
fluorspar should be used to flux the lime quickly. Coke 
usually is added after the slag becomes fluid. Very often, 
small amounts of crushed ferrosilicon ahso are added. 
In producing low-carbon grades of steel, under 0.12 per 
cent carbon, a lime-silica, a lime-alumina, or a modified 
carbidic slag containing less coke, is used. 

The object is to form as quickly as possible a strongly 
reducing slag containing calcium carbide, and main- 
tain it through the refining period. The presence of 
carbide may be detected readily by the odpr of acetylene 
generated when a slag sample is wet with water that 
reacts with CaCs to form this gas. Carbide cannot exist 
in the presence of oxides reducible by carbon; therefore, 
a carbide slag is free of such oxides. A carbide slag acts 
to return reducible pxidcs such as those of manganese, 
chromium, vanadium, tungsten, iron, etc., from the slag 
to the metal; consequently, such oxides may be added 
for direct reduction as soon as the carbide slag is formed. 
The slag also serves to reduce the oxides in the bath and 
facilitates the removal of sulphur as calcium sulphide. 
The reactions proceed according to the following chemi- 
cal equations: 

CaCi -f 3 MnO = CaO -f 2 C(^ -f- 3 Mn 

CaC« -f3FeO = CaO -f 2 CO -f-3Fe 

2 CaO + CaCa + 3 FeS = 3 CaS -|- 2 CO -f 3 Fe 

2 CaO +CaCi +3MnS =3 CaS -f-2 CO +3 Mn 


Desulphurization is aided by a high manganese con- 
tent, by the addition of lime and fluorspar, by agitation 
of the bath, and by high temperature. If very low sul- 
phur is required, sometimes two carbidic slags may be 
necessary. The carbidic slag should be completely f 
shaped up 20 to 40 minutes after the first slag has been ^ 
removed. The carbide content of the slag is kept to a 
relatively low figure for the lower carbon heats, and, 
for very low carbon heats, silicon can be substituted 
for coke in the slag to prevent carbon pick-up by the 
metal. 

Lime -alumina slags are made from lime and alumi- 
num in the form of shot and/or granules. Calcium 
aluminate is formed, which both desulphurizes and 
deoxidizes the bath. Some of the deoxidation of the bath 
is done by the metallic aluminum before it oxidizes and 
combines with CaO as calcium -aluminate. 

The steel should not be held under the second slag 
any longer than is absolutely necessary. As soon as re- 
sults of the last preliminary analyses are reported, the 
necessary additions are made to the bath for adjustment 
of the carbon and alloying element content. The addi- 
tions of alloying elements must be made in quantities 
sufficiently small to prevent chilling of the bath. When 
all of the additions are in solution, the slag is again 
shaped up and ferrosilicon is added. Final additions of 
aluminum for grain-size control usually are made just 
before tapping. The aluminum is put into the furnace, 
tied on the end of long bars to insure getting it through 
the slag into the bath. About one-half of the aluminum 
tisually is added to the stream of metal in the spout as 
the heat is being tapped into the ladle. The furnace is 
tapped usually from 10 to 15 minutes after the final 
shaping of the slag and additions of ferrosilicon and 
aluminum have been made. 

Induction Stirring — ^In the last few years, there has 
been considerable interest in stirring of the steel bath 
by electric induction. The original development oc- 
curred in Sweden, and two large furnaces in the United 
States are now equipped with the Swedish type of in- 
ductor stirrer. At present, an installation is being made 
utilizing a rotating-type stirrer developed in the United 
States. 

In the Swedish design, an inductor constructed of 
steel laminations, in which is imbedded a two-phase 
winding, is installed under the bottom of the furnace. 
In order to permit penetration of the magnetic flux and 
to minimize bottom heating, the carbon-steel bottom 
plates ordinarily used are replaced by austenitic 
stainless-steel plates, which are treated theoretically as . 
an air gap. A special generator and exciter is provided 
to produce two-phase current at a frequency of ap- 
proximately cycle per second. During operation, a 
magnetic flux is produced in the form of a moving field. 
This moving magnetic field, reacting with a field in- 
duced in the bath, causes the bath to flow at a low rate 
of speed across the bottom of the hearth. Thus, a stir- 
ring action is obtained. 

With the type of stirrer developed in the United 
States, a two-pole electromagnetic rotor is revolved 
underneath the furnace by a motor-and-gear mech- 
anism. The rotor is excited by current from either the 
shop supply or a special generator. This causes a move- 
ment of flux across the bottom of the furnace, the bot- 
tom plates of which are made of austenitic stainless 
steel. In turn, this induces a movement in the molte^^ 
steel bath similar to that previously described. 

It has been proved that with induction stirring tlS| 
segregation of alloying elements is greatly minimiz^/ 
The temperature of the bath is much more uniform^^ 
has also been demonstrated that, due to the ^^ we|niiifin 
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of the steel, the interface contact between the slag and 
the steel is greatly improved, with less time required 
to obtain the necessary metallurgical reactions. 

Tapping— In tapping a heat, the electrodes are raised 
to the maximum height after the power is shut off, the 
tap hole is opened and the furnace is tilted by a con- 
trol mechanism so that the steel is drained from the 
furnace into a ladle set on the pit side of the furnace. 
The slag comes after the steel and serves as an insulat- 
ing blanket during tapping. A clean, round tap-hole and 
a clean, smooth tapping spout reduce the possibility of 
having a ragged, easily oxidized stream when tapping 
into the ladle. 

LADLE, MOLD AND POURING PRACTICES 

Ladle Practices — After all the molten steel in the fur- 
nace has been drained into the ladle, the ladle crane 
moves the ladle to the pouring platform where the steel 
is poured into molds. Both the ladle and pouring prac- 
tices are practically identical with open-hearth practice, 
except both the inner and outer linings of the ladles are 
constructed of first-quality fire brick and special pre- 
cautions are taken in setting the nozzles and stoppers 
because of the higher tapping temperatures employed in 
electric-furnace practice and the closer control desired 
for most electric-furnace products. The steel may be re- 
ladled (i.e., poured from one ladle into another) before 
teeming to insure the proper mixing of the alloys and 
reduce pouring temperatures. 

Mold Practice— When the steel is ready to be poured, 
it is teemed into carefully prepared molds. Molds of the 
big-end-up type are used generally for the killed 
electric-furnace steels, while rimmed steels are poured 
into the conventional big-end-down molds. Shapes and 
sizes of molds vary considerably, depending on the steel 
being produced and the size and shape of the product. 
Round, square, and rectangular molds with smooth or 
fluted inside surfaces may be used. 

The molds are scraped carefully, cleaned, coated with 
mold coating, preheated (if necessary), and all dirt is 
siphoned out after the hot tops have been set — about 30 
minutes to 45 minutes before the heat taps. Each shop 
has a variety of different mold coatings and mold prac- 
tices that have been developed for the particular grades 
of steel being produced. For instance, steel has been 
poured into clean uncoated molds, as well as molds 
''^oated with tar, salt brine, lime slurry, resin smudge, 
Acetylene smudge, itvolaSses, lamp black, oil, graphite, 
Aluminum paint, and various other coatings. 

Pouring Practice — ^Either of two pouring practices 
may be employed, the direct or the indirect. The former 
practice is accomplished by raising the stopper rod and 
allowing the steel to run directly into the mold from 
the ladle. In the indirect method, the steel is allowed 
to run through a refractory funnel and runner (as in 
bottom pouring). Basket pouring, a modification of 
indirect pouring, utilizes a small intermediate ladle 
which is filled from the large ladle. When the small ladle 
is filled, the nozzle in its bottom is opened, allowing the 
steel to run into the mold or molds through one or 
more openings or nozzles in the bottom of the basket. 
The purpose of indirect pouring is to reduce the splash 
in the bottom of the mold by eliminating the high 
ferrostatic pressture in the ladle, with the view of re- 

f ig scabs and other defects on the ingot surface. The 
y justifying basket pouring is based on the premise 
nonmetaUic inclusions in the steel rise rapidly 
igh relatively short distances at higher tempera- 
; thus, in conjunction with tapping the heat hot, 
(rtops rise out of the steel in the lower area of the 


ladle before that steel issues from the bottom to fill the 
basket, and also rise in the basket while the molds are 
being filled. 

Regardless of the pouring practice, the molds are filled 
slowly at first until the pool of steel on the bottom of the 
molds is about 6 inches deep, and then a full stream is 
permitted. When a conventional brick hot-top is used, a 
full stream is maintained until the steel rises to the bot- 
tom of the hot- top, at which moment the stopper is 
lowered to shut off the stream to permit the steel to 
freeze at the junction between the mold and hot-top, 
after which more steel is poured to fill the hot-top. 
When using a hot- top which seals the junction, the 
stream is permitted to flow full until the hot-top has 
been filled. 

If the junction does not seal, steel will leak out and 
run over the top of the mold. The blocks supporting the 
hot-top are knocked out immediately after the junction 
seals to prevent “hanger cracks” in the ingot. Burnt lime, 
straw, brick dust, or manufactured hot-top covering 
materials are used on top of the molten metal in the hot- 
top to hold the metal in a molten condition long enough 
to fill up the shrinkage cavity in the ingot. 

The ingots usually remain at the pouring platform for 
a predetermined time, to permit solidification of the 
ingot, usually in the range 1 to 2 hours, depending on 
the size of the ingot. They are then sent to the stripper, 
enroute to the rolling mills or forge department. 

Repairs to Furnace Bottom and Banks — After the fur- 
nace is tapped, it is tilted back to its stationary operat- 
ing position, the doors opened to permit smoke and 
fumes to clear out, and the furnace is inspected for 
damaged areas on the banks, bottom, roof and around 
the tap hole, or any -other location where repairs may be 
needed; also for furnace skulls. The reducing slag cuts 
the basic lining and it usually is necessary to make up 
the “cinder line” where it has been eroded by the slag. 
If the refractory lining requires repairs, the patching is 
done immediately to allow the material to be sintered 
into place by the heat of the furnace. 

Electrode Adjustments — If the electrodes are not suf- 
ficiently long to finish the next heat, there will be a de- 
lay during the making of the heat while the necessary 
adjustments are being made to the electrodes. The usual 
practice, therefore, after making repairs to the fur- 
nace, is to rim the electrodes down until they are a 
short distance from the bottom to enable the operator 
to decide how much longer the electrodes will last. 
Adjustments are made either by adding new sections to 
the tops of the present electrodes or by allowing the 
electrodes to slip down through the holder to the desired 
position as the holder is raised, provided there is suf- 
ficient electrode extending above the holder to permit 
this tb be done. 

SLAG CONTROL IN THE BASIC PROCESS 

The preceding discussions on slags indicate that slag 
control is a very important factor in electric-furnace 
steel productian. The electric-arc furnace permits the 
slags to be controlled to meet almost any desired char- 
acteristic, a fact that is the real basis of the flexibility 
of the arc furnace. 

As pointed out, the function of the melt-down slag is 
to oxidize carbon and phosphorus out of the steel and 
to remove some sulphur and nonmetaUic substances. 
The lime-silica ratio should be between 2.2 and 3.0. 
The iron-oxide content of the slag varies with the 
carbon in the steel at the end of the boil, and may 
range from 13.0 to 20.0 per cent for medium-carbon 
steels. A good basic, melt-down slag in the electric 
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furnace is similar to a good open-hearth slag. A typical 
composition of a melt-down slag is as follows: 


Constituent Per Cent 

Lime, CaO 4 q 9 

Silica, Si02 I3 4 

Iron Oxide, FeO 14 g 

Alumina, AhO* 3 5 

Magnesia, MgO 8.2 

Manganous Oxide, MnO 12.7 

Phosphorus Pentoxide, PaOn 0.6 

Sulphur, S 0.1 


Lime-silica ratio and iron oxide content can be esti- 
mated from the appearance of slag “pancakes,” and a 
skilled operator can judge these values very closely. A 
“pancake” is a slag sample prepared by pouring molten 
slag into a small, flat iron dish possibly 4 inches in 
diameter and % inch deep. In solidifying, the “pan- 
cake” acquires visible markings characteristic of its 
composition. 

The refining slag removes dissolved oxides from the 
bath, protects alloy additions from oxidation, and re- 
moves sulphur. This slag is gray to black in color, is 
highly carbidic, and disintegrates or slakes to powder 
upon cooling. A typical composition of such a chemically 
reducing carbidic refining slag is as follows: 


Constituent Per Cent 

Lime, CaO 67.8 

Silica, SiOa 22.4 

Iron Oxide, FeO 0.5 

Alumina, AhOa 0.5 


Magnesia, MgO 8.9 

Manganous Oxide, MnO 05 

Sulphur, S 0,3 

Calcium Carbide, CaCa . 1.5 

Chromium Oxide, Ci iOa 0.4 


It is essential that furnace doors and openings 1)6 
closed ^tightly if a good reducing slag is to be main- 
tained. If a heat is too hot, the carbidic property of a 
slag will be lost very quickly. The carbon pick-up from 
such slags is fairly high and close checking must be 
maintained. 

With low-carbon steels (0.15 per cent carbon or less), 
the carbide slag is modified by using a higlier lime and 
lower coke ratio. In making low-carbon heats of 0.08 
per cent carbon or less, crushed ferrosilicon or alumi- 
num is substituted for carbon in the slag, forming 


calcium silicate or calcium aluminate. 

Following is a typical composition of a lime-silica slag 
with no carbon added: 

Constituent Per Cent 

Lime, CaO 57.9 

Silica, SiOa 27.5 

Alumina, AbOa 3.7 

Iron and Manganous Oxide, FeO and MnO. . 1.0 

Magnesia, MgO 7.7 

Chromium Oxide, CraOa 0.3 


The above slag is white and, when cooled, will dis- 
integrate to a powder. For 0.12 per cent carbon and 
lower stainless -steel heats, lime-silica and lime-alumina 
slags are used because they are carbon-free and easy 
to manage. 


SECTION 4 

THE ACID ELECTRIC-ARC FURNACE PROCESS 


The acid electric-furnace proco.ss is, as previously 
mentioned, employed chiefly for the production of steel 
for castings by the foundry industry. Four major varia- 
tions of the acid process are used: (1) partial oxida- 
tion, (2) complete oxidation (with a single slag), (3) 
complete oxidation with silicon reduction, and (4) 
double-slag practice. 

Partial oxidation practice is used chiefly to produce 
low-priced steel castings that do not require any ac- 
ceptance tests other than superficial surface in.spection, 
because it is the cheapest method of making steel for 
such castings. The double-slag process is employed 
where it is desirable to have positive control to keep the 
FeO content of the finishing slag to a low value (about 
10 per cent). Silicon in the .slag can be reduced to 
enter the metal in acid-electric practice, and this pro- 
cedure is employed in European practice but is not gen- 
erally followed in this country. 

The great majority of all American steel foundries 
employ the complete-oxidation process, and this method 
will be taken as the basis for the ensuing discussion. 

With the exception of selection of scr§p (which must 
have a low phosphorus and sulphur content) , the melt- 
ing down of the charge in the acid electric furnace is 
similar to that of the basic electric furnace. As with the 
basic electric furnace, the electrodes melt the scrap and 
bore their way through to the hearth of the furnace. 
If the pool of molten metal formed on the bottom does 
not cover sufficient area to extend beyond the area cov- 
ered by the electrodes, the arc will act on the sand in 
the hearth of the furnace. The conddetivity of a non- 
metal increases with temperature; consequently, the 
furnace heartih is a fairly good conductor of electricity 


if it is hot. This working on the hearth or boring a hole 
into the hearth by the electrodes is called “pulling 
bottom” and generally is indicated by the appearance 
of white smoke accompanied by bright yellow flames 
around the electrode ports. When this occurs, the elec- 
trodes should be raised out of the charge and enough 
clean scrap added and melted to form a pool extending 
out from under the electrodes. If enough heavy scrap 
is used and is packed compactly enough on the bottom 
of the furnace^ there is very little danger of pulling bot- 
tom. 

Working the Heat — ^As soon as the charge is melted or 
nearly all melted, it is time to start working the heat. 
A little iron ore and silica sand should be spread over 
the bath at this time. If, as is often the case, a high per- 
centage of returned foundry scrap is charged, very little 
silica sand need be added, because the oxidation of 
silicon and manganese in the scrap will form almost 
enough slag. Some iron also will be oxidized in melting 
down, forming FeO which will contribute to the slag. 
Enough slag-making material should be added to each 
heat to form a layer covering the metal at least % of an 
inch thick. 

Although such a thin layer of slag may cause some 
difficulties, it is never advisable to have more slag on 
the metal than necessary at any time, because this will 
slow down the deoxidation of the steel. If “slag” (ihe 
term often used for silica sand in acid furnace practice) 
is not added, the bath will take silica from the hearth. 

Slag samples taken from the furnace at melt-down 
should have a glassy, black color, indicating a high 
iron-oxide (FeO) content, which is necessary if a boU 
is to be expected later. A s&mple of the metal should be 
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taken from the furnace at the same time and the carbon 
content determined. The carbon content after melt- 
down, as in the basic process, should be higher than the 
carbon desired in the Hnished steel after it has been 
killed by additions of silicon and manganese near the 
end of the heat. The excess carbon will be removed by 
the boil. 

If the slag test taken from the furnace has a brown 
or greenish color instead of black, it is an indication that 
there is insufficient FeO present. Ore is then added 
shovel by shovel-full until a black slag results. If the 
charge is made up of a large percentage pf returned 
scrap, the ore should be added before all of the scrap is 
melted. The FeO added in this way will be taken up by 
the bath and the oxygen will react with silicon and 
manganese in the melting metal to form silicon dioxide 
(SiOs) and manganous oxide (MnO) , respectively. Be- 
cause these oxides are of lower .specific gravity than the 
molten metal, they will rise to the top of the bath, and 
because of their chemical affinity for each other — one 
being an “acid” and the other a “base” — they will unite 
to form slag. The chemical reactions are as follows: 

2 FeO Si ► SiOa 2 Fe 
FeO -f Mn ► MnO + Fe 

The silicon and manganese must be oxidized before 
the carbon in the molten bath can combine with more 
oxygen from the ore to form the “boil.” The best prac- 
tice is to oxidize the silicon and manganese while the 
bath is comparatively cold because high temperatures 
favor the combination of carbon and oxygen. 

After the bath is covered with a black or oxidizing 
slag and the carbon content is high enough, the tem- 
perature should be increased until the steel is hot 
enough to boil. The “boil” is the reaction between the 
carbon and oxygen dissolved in the steel, and is neces- 
sary in the manufacture of clean, high-quality steel. 
These elements combine, when a certain temperature is 
reached, to form carbon monoxide, a gas: 

C + O = CO (gas) 

Enough ore and carbon should have been in the bath, 
either naturally or by additions, to maintain the boil 
for at least ten minutes. A sample of the metal is taken 
from the bath and the carbon determined by a fracture 
test or by some rapid analytical test. 


The intensity of the boil diminishes gradually as the 
oxygen in the metal is reduced. During this period, the 
slag is changing color continually and when it reaches 
a pea-green stage and has thickened up enough for a 
spoon, stirred through the slag, to pick up small lumps 
of slag, the steel has been deoxidized as much as possible 
by the carbon reaction. A carbon test is then taken and 
the carbon adjusted to the desired content. Silicon and 
manganese should then be added as ferroalloys for de- 
oxidation and the heat tapped soon after they are melted 
completely and diffused through the bath. 

The temperature at which the steel is tapped from 
the furnace depends largely on the size of the castings 
to be poured and the equipment for handling the molten 
metal. If poured into many small castings the steel must 
be very hot (possibly 3200* F by optical pyrometer), 
while it may be from 150® to 200® colder when tapped 
from the furnace if the steel is poured directly from a 
large ladle into a mold for a large casting. 

The preceding discussion refers specifically to pro- 
duction of plain or carbon steel for casting. Alloy cast 
steels are coming more and more into use, and present a 
new problem. Fortunately, three of the alloys com- 
monly used in steel -foundry practice, copper, nickel 
and molybdenum, can be added at any time without 
loss due to oxidation and subsequent absorption by the 
slag during the steelmaking process. If these alloys are 
not added with the cold charge, they should be added 
from 15 to 30 minutes before the heat is tapped to give 
ample time for their solution and uniform distribution 
throughout the bath of molten metal. 

When the steel ordered calls for manganese in excess 
of 1.25 per cent, it is very difficult to hold it in the metal 
under an acid slag. It is, therefore, advisable at times to 
add lime to the slag before tapping, thus decreasing its 
acidity and ability to absorb manganese. 

Chromium presents a problem, as it is easily oxidized. 
It usually is added to the bath after the steel has been 
deoxidized (just after the final silicon addition). It 
usually is added as ferrochromium containing about 68 
per cent chromium, 6 per cent carbon, and the balance 
iron. 

Alloys such as aluminum, titanium, zirconium, vana- 
dium and boron are added in the ladle. The common 
practice is to add these alloys in paper sacks, thrown 
into the ladle as the steel is being tapped so that the sack 
hits the metal stream. 


SECTION 5 

INDUCTION ELECTRIC-FURNACE PROCESSES 


In most steel plants using induction furnaces, the 
melting procedure is essentially a crucible or “dead- 
melt” process. The charge is selected carefully to pro- 
duce the composition desired in the finished steel with 
a minimum of further additions except, possibly, small 
amounts of ferroalloys as final deoxidizers. 

The charge may consist of a single lump of metal, a 
number of small pieces of selected steel scrap, or even 
turnings or other light scrap with which is mixed a 
moderate amount of larger pieces to provide initial con- 
ditions which are favorable to the generation of heat. 
The charge is collected in pans placed on the working 
platform and either is dropped into the furnace through 
the top opening by tipping the pan, or by raking the 
pieces out of the pan and into the furnace. If the charge 
consists of pieces of scrap of varying size, the larger 
pieces are charged first, and the smaller pieces are 
packed about them as closely as possible. Even with the 
closest packing it is sometimes necessazy to add some of 


the charge as the melting progresses. As a rule, no re- 
fining is attempted in acid-lined furnaces, and it is 
seldom tried in a basic-lined furnace. If the furnace is 
equipped with a tight cover over the crucible, very 
little oxidation occurs during melting. Such a cover also 
serves to prevent cooling by radiation of heat from the 
surface of the molten metal. Hence, from the standpoint 
of heat loss, the use of a slag covering to protect the 
metal is unnecessary. Slags are being used successfully 
both during melt-down and refining, in special cases. 

Melting the Charge — As soon as the furnace is 
charged, the switches admitting the primary high- 
frequency current to the coil of the furnace are closed. 
Immediately, the rapidly changing magnetic field at 
high flux density generates heavy secondary currents 
in the charge which are converted into heat by the 
electrical resistance of the charge itself. This heat is 
developed mainly in the outer rim of the metal in the 
charge, but is carried quickly to the center by conduc- 
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tion. Soon a pool of molten metal forms in the bottom, 
causing the charge to sink and at this point, cuiy of the 
charge remaining is added. The current exerts a strong 
motor effect upon the liquid metal, which accelerates 
the melting by washing the stilLsolid part of the charge 
with molten metal, thoroughly mixing the metal as it is 
melted. This motion of the metal continues after all the 
charge is melted, in eddies giving the bath a convex 
surface, and varies in intensity with the power input. 
As the convex surface is not a favorable condition for 
slag treatment, the power input always is decreased to 
flatten the convexity and reduce the circulation rate 
when refining under either an oxidizing or a reducing 
slag. The flow of the liquid metal, even though less 
vigorous, then becomes a favorable condition, accelerat- 
ing the purification reactions by constantly bringing 
new metal into close contact with the slag. When no 
purifying is attempted, the chief metallurgical advan- 
tages of the process are attributable to the stirring ac- 
tion, which promotes the uniformity of the product, the 
control over the super-heat or temperature above that 
of the melting point, and the opportunity afforded by 
the conditions of the melt to control deoxidation through 
proper additions. As soon as the charge has ‘‘melted 
clear,” and refining actions have ceased, any objection- 
able slag is skimmed off, and the deoxidizers or other 
necessary alloying elements are added. When these ad- 
ditions have melted and become diffused in the bath, 
the power input may be increased to bring the tempera- 
ture of the metal up to the point most desirable for 
pouring. The current then is turned off and the furnace 
is tilted for pouring, either directly into ingot molds or 
into a ladle, the ladle being used with the larger fur- 
naces. As soon as pouring has ceased, any slag adhering 
to the wall of the crucible is scraped out and the furnace 
is righted for charging again. 

Advantages of Induction Melting — Induction furnaces 
are relatively low in cost, as compared to other types 
of melting units and, as a result, several furnaces for 
operation from a single frequency changer can be in- 
stalled at little extra expense, and furnaces of various 
capacities can be used as required or individual fur- 
naces can be retained for making melts of special alloys 
without danger of contamination or the necessity of 
making “wash heats.” Among other advantages, there is 
very little heat radiated from the furnaces as they are 
water cooled, and there is practically no noise attending 
their operation. 

This type of furnace requires about 650 kwh. of input 
power per ton of molten metal and heats are melted in 
about an hour to an hour and fifteen minutes. 

For the melting of high-alloy chromium steels, there 
is quite an advantage in using the induction type of 
furnace because the highest temperature to which the 
scrap is subjected is that of the bath. In the arc furnace 
the temperature of the arc may be 7200® F (approxi- 
mately 4000® C) which vaporizes the chromium in ex- 


posed scrap, causing a loss of up to 15 per cent of this 
element. Since the capacities of induction furnaces have 
been limited to about three tons, the popular range 
being from 200 to 2000 pounds, this type of furnace is 
used only for small heats. 

In remelting alloy-steel scrap in these furnaces, it ig 
possible to make molts in less time than with ot^r 
methods of melting and this minimizes loss of valuable 
alloying elements by oxidation. Heat is induced in the 
metal by eddy-currents due to circulating electrical 
currents of high magnitude. Where heat must be ab- 
sorbed from radiant energy, as in other types of fur- 
naces, theriJ is a limit to the rate at which the metal 
charge can absorb heat. 

, Molten metal in an induction furnace is caused to cir- 
culate automatically by electromagnetic action. When 
alloy additions are made to a molten charge, the stirring 
action results in creating a homogeneous product in a 
minimum of time. Due to the turbulent action in the 
bath and the skim slag, it is possible to get accurate 
temperature readings with a radiation pyrometer and, 
by electronic control, hold the bath temperature within 
dr 5® F. This is an advantage when pouring small cast- 
ings, when thirty minutes or more are required to empty 
the furnace. 

Up to a few years ago, the standard equipment used 
to supply power to these induction furnaces was a rotary 
motor-generator set, which supplied a frequency in the 
neighborhood of 1,000 cycles. Lately, mercury-arc fre- 
quency changers have been used which have several 
advantages; the efficiency is higher than that of motor- 
generator sets and the static device presents no prob- 
lems in vibration or air ventilation, and the cost is kept 
to a minimum. Another featiure of this type of melting 
is that the frequency output is determined by the out- 
put circuit. If the frequency characteristic of the circuit 
changes during operation, the mercury-arc inverter 
automatically will supply the frequency required by the 
melting circuit. 

Special alloys can be produced by melting in a 
vacuum, or under pressure in an inert-gas atmosphere, 
by enclosing the entire coreless induction furnace and 
mold in an airtight container which can be evacuated or 
put under pressure. When melting is complete, the 
molten contents of the furnace are poured into the 
mold; this is accomplished entirely by control elements 
outside the container that make is possible to tilt the 
container for pouring the furnace without opening the 
container. After the metal solidifies, the container can be 
opened for emptying the mold and recharging the fur- 
nace. Section 6 of this chapter gives further details on 
vacuum and atmosphere melting. 

Disadvantages of Induction Melting_Limitcd holding 
capacity and inability to control the composition of the 
melt except through the careful selection of scrap ap- 
pear as the chief drawbacks of the induction furnace, 
from metallurgical and commercial viewpoints. 


SECTION 6 

VACUUM AND ATMOSPHERE MELTING 


In recent years, methods have been developed for 
commercial melting of metals and alloys of certain types 
in vacuum or under controlled atmospheres. Vacuum- 
melting techniques are employed in the case of some 
steels to obtain improved physical and mechanical prop- 
erties imobtainable in any other way. Some other 
metals, notably titanium, cannot be melted successfully 
at all except under such conditions. 

Vacuum furnaces have been heated by the electric arc. 


by electrical resistance, by gas, and by electrical in- 
duction. However,' only electrical induction has been 
used on any sizeable scale for melting steels. This latter 
method employs a high-frequency coreless induction 
unit (see Section 5), enclosed in a container or tank 
which can be either evacuated or filled with an atmos- 
phere of any desired composition and pressure. Pro- 
vision is made by suitable electrical and mechanical 
mechanisms and controls for making additions to the 
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melt and for tilting the furnace after melting to pour 
its molten contents into the ingot mold which also is 
enclosed in the tank or container. Most of the vacuum 
furnaces in operation in the United States are of one- 
quarter and one-half ton capacity, but larger imits 
melting up to three tons have been proved practicable. 

The electrical frequency employed by the coreless 
induction furnaces for vacuum and atmo.spherc melting 
depends upon the capacity of the melting unit, as it 
does in the case of such furnaces used in ordinary melt- 
ing processes. Most of the crucibles for vacuum melt- 
ing have basic linings. 

While vacuum melting often has been employed sim- 
ply as a remelting operation for very pure materials, 
it is more generally useful in those applications where 
some refining also is accomplished. Oxygen, nitrogen 
and hydrogen can be removed from the molten metal in 
vacuum melting as well as carbon when alloys having 
very low carbon content are being produced (i.o., some 
of Ae stainless steels). 

The control of pressure and composition of the gas 
over a melt makes it possible to deoxidize the melt with 
carbon or hydrogen, both of which produce gaseous 
deoxidation products, thus preventing the formation of 
solid non-metallic inclusions in the finished steel. Also, 
when melting in a vacuum, the absence of nitrogen from 
the atmosphere over the melt prevents formation of 
nitrides and carbonitrides that appear in many steels 
and high-temperature alloys melted under ordinary 
atmospheric conditions. The exclusion of oxygen by 
vacuum melting prevents oxidation losses and permits 
very close control of the composition of alloys con- 
taining easily -oxidized components. 

The volatility of certain alloying elements such as 
chromium, aluminum and manganese may result in 
high l()s.ses of these elements if they are added to steel 
under a high vacuum. These losses may be minimized 


by replacing the vacuum with an inert gas as the atmos- 
phere over the melt during the period when such addi- 
tions are being made. 

The entire.subject of vacuum melting of steels is still 
in the relatively early stages of development. As work 
continues with this technique, it will be possible to 
compare the characteristics of metals and alloys melted 
under reduced pressure or controlled atmosphere with 
those of materials melted in air by ordinary methods. 
Vacuum and atmosphere melting of steels and other 
ferrous alloys will grow in proportion to the need for 
metals possessing whatever special properties may be 
developed by these techniques. 



Chapter 17 

DUPLEX AND TRIPLEX STEELMAKING 

PROCESSES 


SECTION 1 

DUPLEX PROCESSES 


Definition — ^The term duplex process may be applied 
to any combination of two processes for manufacturing 
steel but, in the United States at least, custom has re- 
stricted the unmodified term to mean only a combi- 
nation of the acid Bessemer converter and the basic 
open-hearth processes, in which the latter plays the 
part of a finishing process. Briefly, the duplex process 
consists of blowing molten pig iron in the Bessemer 
converter until the silicon, manganese and most of the 
carbon have been oxidized, and then transferring this 
semi-finished metal to a basic open-hearth furnace 
where, through the agencies of iron oxide and lime, the 
phosphorus and the remainder of the carbon are oxi- 
dized and lowered to desired limits. The steel is then 
finished, recarburized and deoxidized as in the usual 
open-hearth practice. 

Tilting Open-Hearth Furnaces — Open-hearth fur- 
naces of the tilting type are especially adapted to the 
duplex process and the major portion of the tonnage 
of duplex-process steels is made in such furnaces. 
This type of open-hearth furnace was originally de- 
signed for purposes other than duplexing. The first tilt- 


ing open-hearth furnace was placed in operation in 
1889 at the Steelton Plant of the former Pennsylvania 
Steel Company by H. H. Campbell. This antedated the 
introduction of the duplex process by more than ten 
years. 

The Campbell tilling furnace was introduced as a 
means of readily using high percentages of pig iron 
and avoiding some of the operating difficulties then in- 
herent in stationary furnaces. The furnace proper 
rested on rollers arranged in a circular path, providing 
rotation on its longitudinal axis. With this arrangement, 
fuel could be fired even when the furnace was in tipped 
positions. The advantages claimed by Campbell for the 
tilting feature were the ease of removal of large slag 
volumes when high-pig-iron charges were used; the 
elimination of delays and difficulties in maintaining tap- 
holes, the taphole being located above the level of the 
bath; the greater ease in repairing bottoms or hearths 
because the furnace could be drained by tilting; and 
finally, the greater ease of maintaining the backwalls. 

The Campbell furnace was shortly followed by the 
Wellman tilting furnace, in which the furnace proper 


Fig. 17—1. A tilting basic 
open-hearth furnace of 
200 tons capacity, in nor- 
mal operating position. 
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Fig. 17—2. This illustra- 
tion shows the 200-ton 
tilting basic open-hearth 
furnace of Figure 17—1 
in tapping position. 



rolled forward on a horizontal track, necessitating fuel 
and air shut-off when the furnace was in tipped position. 

Figure 17 — 1 shows a typical modem tilting open- 
hearth furnace of the Campbell type in normal operating 
position; Figure 17 — 2 shows the same furnace in tilted 
position during tapping. 

DUPLEX PLANT LAYOUT AND EQUIPMENT 

Description of Duplex Plant — In a plant to make steel 
only by the duplex process, Bessemer capacity should 
balance tilting-furnace capacity, and the converters 
should be in close proximity to ^e tilting furnaces to 
facilitate transfer of *netal from one to the other. An 
exact balance is dimcult to plan in advance, for the 
time the steel is held in the open-hearth furnace varies 
with the grade of steel being made. For this reason, it 
is better to arrange for the production of some Bessemer 
steel along with the duplex production in order to 
utilize the equipment more fully. Also, the relative 
number of furnaces necessary to maintain a workable 
balance depends somewhat upon the tonnage to be pro- 
duced. For example, one 20-ton converter serving a 
200-ton tilting furnace would be an unsatisfactory com- 
bination, as interruptions in the operation of either 
would delay the other. But a combination in which 
three 25-ton converters serve three 200-ton tilting fur- 
naces gives a well-balanced operating unit for the con- 
tinuous production of steel. 

In addition to the required number of furnaces and 
converters for the steel production desired, it is gen- 
erally considered necessary to have at least two hot- 
metal mixers. Adequate facilities for transfer of iron 
to the converter and of blown metal from the converters 
to the open-hearth floor must be provided in order to 
prevent delays in furnace charging. 

In general, all other facilities provided for a scrap- 
melting shop, including facilities for ladle repair, mold 
preparation and slag disposal, must be provided. The 
requirements for charging machines, boxes and buggies 


are not so heavy as in a scrap shop. On the pit side, 
pouring facilities must be particularly well organized in 
order to tap, pour and move the heats on the rapid 
schedules attained in duplex operation. 

In addition to the auxiliary equipment necessary for 
an open-hearth shop, much of the apparatus necessary 
for a Bessemer shop must also be provided. In this 
connection blowing equipment, vessel-tilting machin- 
ery, vessel and vessel bottom-repair equipment are the 
most important. 

The application of the principles of the duplex process 
to the making of steel has resulted in various modifi- 
cations. Some of the most common examples will be 
described in the following sections, using figures based 
on practices in typical plants. 


A. CONTINUOUS PROCESS MAINTAINING A 
DOMINANT POOL 


This description will cover a process developed in the 
South for the manufacture of steel in basic-lined tilting 
open-hearth furnaces, using hot metal produced In 
blast furnaces charged with a blended iron ore of 
relatively high phosphorus content. Typical contents of 
various constituents of the fractions of such a blended 


ore may be as follows: 


Percentage Content 


Constituent 

Coarse 

Fraction 

Medium 

Fraction 

Sinter 

Fraction 

Moisture 

3.40 

5.23 

1.50 

Iron (Fe) 

43.23 

4910 

58.33 

Silica (SiOa) 

11.00 

6.92 

6.57 

Alumina (ALOs) .... 

2.61 

2.23 

2.58 

Lime (CaO) 

9.50 

5.72 

4.98 

Manganese (Mn) .... 

0.13 

0.09 

0.09 

Phosphorus (P) 

0.25 

019 

019 


Hot metal produced from ore of this composition by 
the blast furnaces may be expected to have a compo- 
sition falling within the following specification ranges: 
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taement Per Cent 

Silicon 0.70 - 1.00 

Sulphur ^.0.075 maximum 

Phosphorus 0.40-0.60 

Manganese 0.13 - 0.30 

The basic tilting open-hearth practice developed to use 
high-phosphorus hot metal of this composition for steel- 
making requires the following essential stops: the 
maintenance of a dominant pool of metal in a tilting 
basic open-hearth furnace, adding approximately 80 per 
cent of the next succeeding heat in the form of blown 
metal from the acid-Bessemer converters, impreg- 
nating the basic finishing slag of the previous heat with 
the phosphorus contained by this blown metal, and then 
flushing the phosphorus-laden slag from the furnace. 

One open-hearth plant employing this process con- 
sists of two shops with five and four tilting furnaces, 
respectively. Between those two shops is a converting 
department with one 1250- ton and one 650- ton mixer, 
together with three 20-ton acid-Bessemer converters. 
The location of the converting department lends itself 
to an operation with a minimum of delay in delivering 
blown metal to the open-hearth furnaces. In case of a 
delay in one shop, the blown metal generally can be de- 
livered to one of the furnaces in the other. Blown 
metal is poured out of the convertors on the open-hearth 
charging-floor level and is transported in 25-ton ladles 
mounted in trunnions on ladle cars. Metal is poured into 
an open-hearth furnace by tilting the ladle in its 
trunnions on the car. 

The tilting open-hearth furnaces are of the Campbell 
type in which the furnace is mounted on rocker arms 
and rollers and can be tilted forward and backward 
about a horizontal axis. The axis of rotation of each of 
these furnaces is coincident with the center-line of the 
ports and rotation of a furnace docs not interfere with 
firing. The framework is of much stronger construction 
than that for ordinary open-hearth furnaces in order to 
resist twisting stresses and vibration which would be 
very harmful to the brickwork. 

Only that section of a furnace comprising the hearth, 
sidewalls, and roof is made tilting; all the ports and 
flues are stationary, and, together with the checkerwork, 
are of the same construction as in stationary furnaces. 
The clearance between the movable and stationary parts 
of the ports is kept very small by the use of water- 
cooled joints, in order to keep air and gas leakage to 
a minimum. On the pouring side, these furnaces have 
but one opening, a tapping hole located above the slag 
line and provided with a lip or spout for directing the 
stream of molten metal into the steel ladle. As in the 
case of stationary furnaces, doors for introducing the 
materials into the furnace arc located on the front side. 
Slag notches are also located in the middle doors on 
the front side. 

Preparing the Furnace for Charging — The process 
may be said to be continuous. When it is necessary to 
make repairs, the tilting furnace is thoroughly drained, 
the bottom and slag lines are made up, the ports are 
cleaned and repaired, and everything is made ready for 
the resumption of standard production. Of course, 
during operation the front and backwall must be at- 
tended to and such minor repairs made as are found 
necessary. Before any iron is blown in the converters, 
the preparation of a slag is begun by charging and 
melting down lime and oxides. Considerable care is 
given by the melter to the preparation of a good slag, 
for, as in all open-hearth work, the success of the 
process depends upon the slag. 


Except for the first heats, there are from 25 to 35 tons 
of each 175-ton heat of steel retained in the furnace at 
each tapping; this forms what is referred to as the 
“dominant pool.” 

Cycle of Operations— When a ladle is filled with 
finished steel tapped from one heat, the steel in the 
ladle is covered with a blanket of slag which flows out 
of the taphole as the furnace is rolling back to an up- 
right position. Most of the slag is retained in the fur- 
nace. When a furnace is completely upright, the slag 
level is below the taphole. As soon as tapping is com- 
pleted, approximately 80 per cent of the next succeed- 
ing heat is immediately added to the furnace in the form 
of full-blown metal which usually consists of five 
“pots” or ladles full of blown metal totaling approxi- 
mately 100 tons. The blown metal, bt ing washed 
through the highly-basic finishing slag of llie previous 
heat, is rapidly dephosphorized. This slag is then im- 
mediately poured off the washed metal over the fore- 
plate into slag pots on cars on narrow-gauge tracks at 
basement level. The slag-making constituents, for re- 
fining the washed metal that is the starting point for 
the new heat, is then charged; these usually consist of 
burnt lime and oxides as required. From 1 to V/j hours 
are required for the charged burnt lime and oxides to 
melt and form a suitable slag. When the slag is in 
propc'r condition, two pots or ladles of partially-blown 
high-carbon metal are added to supply the carbon 
nece.ssary for working the heat. The refining period 
from time of the addition of the last partially-blown or 
high-carbon pot requires from one hour and thirty 
minutes to two hours and thirty minutes, depending 
upon the type of steel being produced. 

In the blowing operation silicon, carbon and manga- 
nese are all practically removed when blowing a full- 
blown, low carbon or “soft” pot. The phosphorus con- 
tent, due to the loss of carbon, silicon, manganese and 
some iron during blowing, is increased from an average 
of 0.50 per cent in the iron to around 0.55 per cent in 
the blown metal. The greater part of the silicon, along 
with some of the carbon and manganese are removed 
in blowing a high-carbon pot. A definite range of 
ferrous-oxide content of the slag is necessary for effec- 
tive dephosphorization of the blown metal, and this is 
maintained by suitable additions to the bath of burnt 
lime, mill scale, ore and ferromanganese or ferrosilicon. 

With this operation it is possible to produce steel 
ranging from low -metalloid grades to carbon tool steels. 

Advantages of the Process — Considerable benefit is 
derived from the use of full-blown metal charges, elimi- 
nating contamination of the bath by undesirable alloys 
normally present in scrap. This is especially true when 
producing a low-metalloid heat. 

One of the benefits derived from this process is a 
minimizing of reaction between slag and steel during 
tapping; more of this reaction occurs at tap in con- 
ventional stationary open-hearth practice. This ad- 
vantage is made possible by plugging the taphole of 
the tilting furnace with bagging which holds until the 
slag rises above the. hole while the furnace is being 
tilted. The only slag removed is that amount coming 
out after th^j ladle is filled and the furnace is being 
rolled back to an upright position. This provides a 
relatively thin blanket to prevent the steel in the ladle 
from freezing. 

The process provides uniformity from heat to heat 
through the duplication of desired heat cycles. During 
all periods the fuel is not checked and little loss in 
temperature occurs. This te advantageous as regards 
the useful life of the roof and other brickwork of the 
furnace. 
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This process can be flexible in its use of charged 
materials. When, due to shortages of hot metal, in- 
creased percentages of scrap are require^ the addi- 
tional scrap may be charged in small amounts into 
several furnaces or may be confined to one furnace, 
although increasing the percentage of scrap charged 
does lengthen the heat cycle. The tilting furnace facili- 
tates bottom repair in that the furnace may be tilted 
forward or backward to drain a hole which would have 
to be rabbled out in the stationary type of furnace. 

Slag Composition — Composition of a typical refining 
slag and composition of the slag after the addition of 


the full-blown “soft” pots is as follows; 

Refining Slag 

Constituent (%) 

Before 

Slagging 

Over 

Foreplatc 

(%) 

Ferrous oxide (FeO) 

. . 14.00 

4.50 

Ferric oxide (Fe«Os) 

. . 8.60 

5.50 

SUica (SiO.) 

. . 9.75 

12.50 

Lime (CaO) 

48.00 

49.00 

Magnesia (MgO) 

4.00 

4.00 

Manganous oxide (MnO) . . 

2.50 

1.50 

Phosphoric Acid (PsOb) 

..8.00-13.00 

10.00 - 20.00 


The high-phosphorus slag obtained after the addition 
of the full-blown “soft” pots is diluted to some extent 
by the “kick-off” or flush slag resulting from the re- 
action at the time of addition of the partially-blown 
high-carbon pots of metal. 

Deficiencies of the Dominant Pool Method — ^The most 
valid criticisms of the dominant pool method are that, 
(1) the tapping slag which remains in the furnace after 
a heat contains a high phosphorus content, (2) the pool 
of metal remaining in the furnace is likely to become too 
highly oxidized before the furnace is filled up again, (3) 
the fluxing materials for the next heat are charged on 
top of and float on the remaining pool, failing to give the 
beneficial effects that can be derived from a prolonged 
boil from lime charged on the bottom, (4) frequent 
examination of the furnace bottom is impossible with 
resulting long “bottom delays.” 


B. THE DRY BOTTOM OR SINGLE HEAT 
DUPLEX PROCESS 

This duplex method is commonly used in northern 
United States at present, except where special con- 
ditions dictate continuation of the dominant pool 
method. It is a continuous operation with no week-end 
bottom-repair period. Several different practices of pre- 
paring the charge are used and local conditions are the 
factors that determine which practice shall be em- 
ployed. The method is so flexible that all of the practices 
in use produce steel of satisfactory quality and quantity; 
consequently, only one dry-bottom practice is described. 

The Charge— After the previous heat has been tapped, 
the furnace is turned into its normal operating position. 
The melter foreman examines the bottom and, if no 
repairs are necessary, orders the next charge from the 
Bessemer steel blower. The amount of limestone charged 
is determined by the grade of steel to be made. If a 
heat of rimmed steel is to be produced, 16,800 pounds of 
raw limestone will be charged for a ton heat. If the 
heat is to be semikilled or killed, this amount is re- 
duced to 11,200 pounds. As soon as the melter foreman 
has ordered the charge, approximately one-half of the 
limestone is charged on the furnace bottom and the 
furnace crew proceed with the slag line repairs to the 
front, back, and ends. 


To produce an open-hearth heat of 145 tons, approxi- 
mately 335,000 pounds of liquid pig iron are ordered for 
the converters. Two heats (blows) of 45,000 and 50,000 
pounds each are blown simultaneously in the Bessemer 
converters and when they reach a point in the blow 
where the carbon content is between 0.10 and 0.20 per 
cent they are turned down and poured into one ladle. 
This ladle of metal is carried by an overhead crane and 
poured through a spout into tiie open-hearth furnace. 
After the first ladle of metal has been poured into the 
furnace, the remainder of the limestone is charged. 
The balance of the blown metal follows, there being 
three ladles in all. 

After the last heat has been blown in the converters, 
liquid basic pig iron in amounts ranging from 35,000 to 
47,000 pounds is brought from the mixers and charged 
into the open-hearth furnace. The unblown basic hot 
metal is used because its manganese content is higher 
than blown Bessemer hot metal, thus assuring a residual 
manganese in the charge comparable to that encountered 
in any regular open-hearth heat. Varying amoimts of 
this metal are used to provide the initial carbon content 
of the bath necessary for different grades of steel. The 
amounts of blown metal, therefore, must obviously be 
adjusted so that the complete charge will total approxi- 
mately 310,000 pounds. 

There are three reasons for stopping the blow when 
the carbon content reaches 0.10 and 0.20 per cent; first, 
this eliminates the possibility of over-oxidation of the 
metal; second, the nitrogen content of the steel will be 
lower than in full blown metal; and third, it assists in 
producing a slag in the acid converter that is sufficiently 
thick (viscous) to minimize its carry-over to the basic 
open-hearth furnace. 

A summary of the charge is as follows: 

Rinuned Semi-killed or 



Steel 

KiUed Steel 


(Pounds) 

(Pounds) 

Limestone 

. . . 8,400 

7,000 

Blown Metal 

... 90,000 

90,000 

Limestone 

. . . 8,400 

4,200 

Blown Metal 

. . . 90,000 

90,000 

Blown Metal 

. . . 90,000 

90,000 

Basic Hot Metal 

. . . 40,000 

40,000 

Total Limestone 

. . . 16,800 

11,200 

Total Blown Metal. . . 

... 270,000 

270,000 

Total Hot Metal 

. . . 40,000 

40,000 


The difference between the 335,000 pounds of metal 
ordered from the mixers and the 310,000 poimds in the 
open-hearth charge is, of course, that portion lost during 
the blowing process. 

Working the Heat — ^Approximately thirty minutes 
after the furnace has been completely charged, a test 
is taken and analyzed for carbon and manganese. This 
analysis indicates to the furnace crew the amounts of 
lump ore necessary to reduce the carbon to the desired 
point. All heats are charged to provide an initial carbon 
content about 40 “points” (0.40 per cent) above the 
tapping c^bon, wi^ the exception of certain grades 
for extra-deep-drawing applications. On these latter 
grades a much higher initi^ carbon is desired and pro- 
vided because the increased ore additions necessary for 
the carbon reduction promote an active boil of the 
bath for a longer period of time and thus reduce the 
nitrogen content of the steel. The normal nitrogen con- 
tent of steels made by the liquid-charge method Is 
0.006 to 0.008 per cent, while in standard basic open- 
hearth steels ^e range is 0.004 to 0.006 per cent The 
additional bath activity described above, however, re- 
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duces the nitrogen content to the 0.004 to 0.006 per cent 
range, and it is this slight reduction in nitrogen content 
that permits steel made by the liquid-metal process to 
compete favorably on applications demanding a high 
degree of ductility and relative insensitivity to strain 
aging. 

During the early working period of the heat, the lime 
boil takes place until the limestone charged on the 
bottom is thoroughly calcined and rises to the surface to 
form the slag. 

When the bath has reached the necessary temperature, 
additions of lump ore are begun and proceed periodi- 
cally throughout the working period as demanded. 
During this period chemical analyses are made for 
phosphorus and sulphur, and carbometer tests are. taken 
to indicate to the furnace crew the extent of carbon 
elimination. 

Pancake slag tests are also taken and additional burnt 
limestone or mill roll scale is added for the purpose 
of providing the proper slag consistency. 

The heat is “worked down” in the same manner as 
any basic open-hearth heat, and when the desired 
carbon content is reached, a ladle is set on the tapping 
side of the furnace. The furnace is then tilted to permit 
the slag to rise above the tap hole and the metal to flow 
into the ladle. 

Recarburizing material is usually kept to a minimum, 
the carbon being “caught on the way down.” Deoxi- 
dizing materials, such as ferromanganese, silicon, alu- 
minum, titanium, etc., are added to the ladle the same 
as in any other open-hearth heat. 

The Slag— The slag volume for steel made by this 
duplex process is less than on regular open-hearth steel, 
I'unning approximately 6.5 per cent of the weight of 
the finished heat. The limestone charged is normally 
90 to 95 pounds per ton of steel; this is possible because 
of the very low silicon content of the charge. No diffi- 
culty is experienced in the removal of phosphorus, ex- 
cept when a considerable amount of Bessemer slag is 
allowed to enter the furnace with the charge. 

The average composition in per cent of tapping slag 
of a steel tapped at 0.09 per cent carbon and 0.17 per 
cent residual manganese follows: 


Si02 

11.58 % 

MriO 

8.86 

AlsOs 

1.16 

CaO 

41.50 

TiOa 

0.29 

MgO 

6.23 

FeO 

18.55 

P.O» 

3.16 

FestOt 

5.57 

S 

0.17 


Heat time averages approximately four hours tap to 
tap. 


C. COMBINATION SCRAP AND BLOWN METAL 
METHOD 

This type of operation may be used in tilting-furnace 
shops, but is particularly adapted for use in plants that 
have stationary furnaci's, yet desire to take advantage 
of the faster-melting duplex practice. Although many 
variations of the method are possible, depending upon 
local operating and economic conditions, the system de- 
scribed is one that has been very successful from a pro- 
duction standpoint in one of the eastern plants. 

The practice employed is to charge the limestone, ore, 
.scrap and hot metal as for a regular high-iron charge. 
After the slag flush is finished, the full-blown Besse- 
mer metal is added in amounts of about 16 or 32 per cent 
of the total charge, and a second quantity of slag is 
flushed off. Satisfactory slag flushes are obtained when 
the blown metal is either 16 or 32 per cent of the total 
charge. The amount of ore charged is regulated to 
specific conditions, such as type of scrap, age of furnace, 
and carbon desired at melt down. The limestone re- 
quirements for the blown-metal heats are regulated by 
the amount of silica in the charge in the same manner 
as for regular high-iron charges. The fuel requirements 
for 16 and 32 per cent blown -metal heats are about 10 
and 20 per cent, respectively, below those of high- 
iron -charge heats made in the same shop. The melting 
times for these two types of heats are approximately 10 
and 25 per cent less than the corresponding high-iron- 
charge heats, but approximately 100 per cent longer 
than liquid-metal heats made by dry-bottom practice. 

As soon as the melt- down is complete, the working of 
the heat and slag adjustments take place just as in 
dry- bottom duplex or scrap and hot-metal heats. When 
the analysis shows that the heat is ready to tap, addi- 
tions are made as in other heats produced in a stationary 
furnace, the furnace is tapped out clean and the stool 
i.s deoxidized in the usual manner. 

Table 17 — I indicates the time-saving and correspond- 
ing increased production possible with this type of 
operation. 

The quality of the steel made with this type of charge 
corresponds favorably to that of regular basic open- 
hearth steel. 


ADVANTAGES AND DISADVANTAGES OF THE 
DUPLEX PROCESSES 

In tlie northern district of the United States, the chief 
advantages of the duplex process are the increased 


Table 17 — Comparison of Heat Times and Production Rates for High -Iron, 
16% Blown-Metal, and 32% Blown-Metal Charges. 


Type of 
Charge 

No. of 

Heats 
in Avg. 

Time of Heats | 

Improvement 
in Chg.-Tap Time 

Avg. Tons 
per 24 Hrs. 

Chg.- 

-Tap 

Tap-Tap | 

hrs. 

min. 

hrs. 

min. 

hrs. 

min. 

percent 

High Iron 


10 

53 

12 

22 



.... 

326.4 

16% Blown 


9 

41 

11 

18 

1 

12 

11,0 

356.0 

32% Blown 


8 

12 

9 

48 

2 

41 

24.7 

417.0 

1 


Percentage Increase In 

Type of Charge Production per 24 Hours 

High Iron 

16% Blown 9.05% 

32% Blown 27.70% 
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tonnage which it produces In a given time, and its 
freedom from dependence on purchased scrap. In the 
southern district, the duplex process also provides a 
method of manufacturing high quality steel from high 
phosphorus pig iron, and, in addition, produces a highly 
basic slag containing a high percentage of citric-acid- 
soluble P 206 which is valuable as a soil conditioner. 
Thus, while the product is similar in quality and of 
the same grades as basic open-hearth steel, the time of 
the open-hearth operation is shortened by more than 
half. Whereas one open-hearth furnace will turn out an 
average of about fifteen heats in a week of melting 
scrap and hot metal or scrap and ore heats, the same 
furnace operated as a duplexing unit will produce about 
forty heats in the same period. This shortening of the 
time of heats saves fuel, and this factor, together with 
the elimination of the silicon in the converter slag, 
tends to prolong the life of the open-hearth furnace. 
The process does not require the use of scrap, an ad- 
vantage when scrap is scarce and high in price. 

The duplex process is capable of making any type of 
heat which can be made in a basic open-hearth furnace, 
but because of the ability of a scrap shop to recover 
alloys from scrap, most alloy steels are made in shops 
charging scrap rather than in duplex shops. On the other 
hand, where heats of low residual-alloy content are de- 
sired, a duplex shop is at a distinct advantage as com- 
pared with a scrap and hot-metal shop. In respect to 
flexibility, a duplex plant is in a far better position than 
one equipped only for scrap and hot metal because of 
the possibility of charging either scrap or blown metal, 
whichever is cheaper at the time. Naturally, a shop 
designed for duplex operation which changed over to 
scrap melting in order to take advantage of cheap scrap, 
would fail to melt the tonnage attainable on duplex op- 
eration. 

In recent years, steel produced by the duplex process, 
according to the improved practices discussed earlier, 
has been applied to an ever-increasing number of uses 
for which basic open-hearth steel formerly was thought 
to be better suited. As knowledge increased as to the 
effects of relatively small amounts of various constit- 
uents of steel on its properties, it was established that 
the relatively higher nitrogen content of duplex steel 
(as compared with basic open-hearth steel) was the 
principal factor influencing its properties and resulting 
in certain disadvantages of that earlier duplex steel. The 
chief effect of the higher nitrogen content of the earlier 
duplex steel was to increase its susceptibility to strain 
aging. When these facts were ascertained, duplex steel- 


making practices were altered and improved in a way 
which would consistently produce steel having a con- 
trolled nitrogen content but little greater than that of 
basic open-hearth steel, as indicated by the following 
figures showing the ranges of nitrogen content common 
to present-day Bessemer, duplex, and basic open-hearth 
steels: 


Type of Steel 

Bessemer 

Duplex 

Basic open-hearth 


Average 

Nitrogen Content 

0.012 to 0.020% 
0.005 to 0.008 
0.004 to 0.006 


Because the chemical composition of duplex steel made 
by the improved practices approaches that of basic 
open-hearth steel, and can be controlled closely, it is 
understandable that the new duplex steel now can be 
applied to many purposes for which it once was con- 
sidered less suitable than open-hearth steel. 

The duplex process is now employed to produce many 
high-quality grades of steel for such applications as 
forged automotive crankshafts, seamless tubes, rolled 
sections for automotive-wheel rims, and other products 
ranging from high-grade thin flat-rolled materials to 
railroad rails. It may be noted that the slightly higher 
nitrogen content of duplex steels makes them somewhat 
harder than open-hearth steels of otherwise similar 
composition; this may be an actual advantage in a few 
cases, for example, in the manufacture of low- 
phosphorus steel for tin plate that must meet high- 
temper specifications. 

The high-quality raw materials provided for success- 
ful duplex practice, coupled with the present satisfac- 
tory performance of the product, leads to the belief that 
further expansion will be made in application of duplex 
steel. The present status of basic open-hearth practice, 
wherein the charge material contains ever-increasing 
amounts of sulphur and unwanted alloys from scrap, 
may result in the wider use of the duplex process. 

The principal disadvantages of the duplex process are 
the initial cost of providing a plant with both open- 
hearth and Bessemer facilities, and lower ingot yield 
brought about through the combined Bessemer and 
open-hearth conversion losses. The double conversion 
cost of producing steel by this method would also ap- 
pear to place it in an unfavorable competitive position. 
Based on its higher rate of production, however, the 
seriousness of the initial cost is offset to a great extent. 


SECTION 2 

TRIPLEX PROCESSES 


The term “triplexing” refers to a combination steel- 
making practice in which tlie same steel is processed 
successively in Bessemer, open-hearth and electric fur- 
nace with the usual aim being to produce a steel of 
electric-furnace quality. 

Just os there are theoretically many possible duplex- 
ing combinations, as outlined earlier, so there are even 
more possible combinations of both acid and basic fur- 
naces for the manufacture of triplex steel. However, 
only a limited number of these combined processes has 
been used for any length of time. The excessive main- 
tenance cost of three furnaces, high cost of handling 
molten metal, and the excessive heat losses in handling 
have prevented the use of the process except under 
hii^y specialized conditions. Also, electric-furnace 


steels have been produced by charging blown metal 
direct from an acid converter into a basic electric fur- 
nace to produce electric-furnace steel of good quality 
at a high rate. The knowledge that this is possible serves 
to illustrate the wastefulness of triplexing when, as in 
most cases, the same end can be accomplished by a 
duplex process. 
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CASTINGS - STEEL AND IRON 


SECTION 1 

STEEL CASTINGS 


Casting Compared with Other Forms of Shaping Steel 
—The process of making steel castings consists simply 
of pouring metal into a mold which is of the desired 
shape, dimensionally accurate and of sufficient stability 
to permit the metal to soHdify in the exact shape of the 
mold cavity. Intricate and complicated castings of prac- 
tically any desired shape or size, and for almost any 
particular application, can be made in this manner. The 
versatility of the foundry trade commands recognition 
throughout the industrial world, and design engineers 
in every field of endeavor have come to rely upon the 
utility of steel castings. 

Mechanically, steel castings are considered inferior to 
wrought-steel products, and it is true that wrought 
steels do exhibit higher mechanical properties than cast 
steels, especially when the former are tested in the di- 
rection of rolling or forging. Moreover, cast structures, 
unless designed in strict conformity with the natural 
characteristics of metal solidification, sometimes contain 
internal defects or surface imperfections which may 
seriously affect serviceability and otherwise render 
them less dependable than a wrought-steel product. 
However, the casting of steel is the most direct method 
of producing a given shape and, for this reason, the 
method provides the basis for a key industry. 

Tonnagewise, the steel-casting or steel-foundry in- 
dustry would appear to be of minor importance, ap- 
proximately two per cent of the total steel production 
per year being in the form of castings. However, few in- 
dustries enjoy so prominent a role in the industrial and 
domestic development of the world as the foimdry in- 
dustry. Many articles, especially turbine shells, valve 
bodies, and machine parts are made by casting, not by 
choice, but because they cannot be made as readily by 
other processes. For example, valve bodies, exhaust 
manifolds, pump casings, and turbine diaphragms could 
be fabricated by other processes or from wrought prod- 
ucts only with extreme difficulty and at a serious eco- 
nomic disadvantage. Also, cast structures are generally 
considered to be more rigid than their wrought counter- 
parts. 

Steel castings vary in weight from a few ounces to 
hundreds of tons and cover a multitude of designs and 
services. Latch castings for airplane cowls weigh less 
than four ounces, while one of the largest castings ever 
produced was a 240-ton casting for an armor press of 
35,000 tons capacity. Castings for steel-mill service alone 
cover a very large field and include housings, gears, 
charging boxes, guides, blast-furnace bells, hoppers and 
cinder pots. Rolls for certain types of rolling mills are 
made of cast steel; because of ^e specialized foundry 
techniques employed in roll casting, the manufacture of 
rolling-mill rolls by casting is discussed separately and 
at len^ in Chapter 23. The transportation industry re- 


lies upon castings for railroad and marine use, such as 
couplings, journal boxes, bolsters, frames, brake shoes, 
cylinders, housings, valves, crankshafts, engine beds and 
steam chests. These are but a few of the examples in 
everyday use and hundreds of other applications could 
be mentioned serving the chemical, petroleum, mining, 
excavating, agricultural, ceramic and construction in- 
dustries. 

Composition and Mechanical Properties of Cast Steels 
— ^The development of the mechanical properties of cast 
steels depend almost wholly upon heat treatment, and 
since the depth of hardening in carbon steels is limited, 
it follows that alloys in varying proportions must be 
added when high strength is required. This is especially 
true of castings with heavy metal sections. Nickel, 
chromium, manganese, molybdenum, and vanadium are 
alloys commonly added to cast steels. These are added 
according to the manufacturers* past experiences and 
heat-treating facilities. Table 18—1 shows typical com- 
positions and results. of tension tests for some heat- 
treated cast steels. 

MAKING STEEL FOR CASTINGS 

Five types of furnaces are or have been employed by 
foundries for melting steel. These are: (1) the direct- 
arc electric furnace; (2) the open-hearth furnace; (3) 
•the pneumatic converter; (4) the electric-induction fur- 
nace; and (5) the crucible furnace. The pneumatic- 
converter and the crucible processes, formerly of im- 
portance, have now been supplanted almost entirely by 
electric-furnace melting. The size and type of castings 
being made dictate the type of furnace. Foundries mak- 
ing small castings weighing from 1 to 500 pounds favor 
the electric process. Producers of large castings weigh- 
ing from 500 pounds up to 25 tons or more use open- 
hearth furnaces. 

Electric furnaces in foundries vary in size and the 
normal weight of charge runs from 250 pounds to 25 
tons. Open-hearth furnaces in foundry practice usually 
have capacities between 10 tons and 100 tons. The pres- 
ent trend in melting equipment seems to be in favor of 
the electric process and many of the open-hearth 
foundries are converting to electric-furnace practice. 
The reason for this is the greater flexibility of the elec- 
tric furnace over the open hearth, as well as various 
economic considerations. 

In general, furnace charges consist of purchased scrap 
in the form of billets, shearings, flashings, punchings, 
plates and turnings; also, scrap from the foundry itself 
in the form of gates, heads, and scrapped castings. High- 
grade pig iron, low in phosphorus and sulphur, is used 
in the open-hearth furnace charges, and frequently in 
the electric-furnace charges when a high-carbon melt 
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is required. Ferroalloys and slag-making materials are 
used in about the same proportions in the melt as for 
steel-ingot production. However, the casting-from-melt 
yield is considerably lower than that generally experi- 
enced with ingots. For every ton of steel castings pro- 
duced, at least three tons of raw materials are consumed, 
including scrap steel, pig iron, fuel oil, limestone, sand, 
organic and clay binders, and miscellaneous materials. 
This includes the mold-making materials. 

Fifty per cent of the steel-casting tonnage is melted in 
open-hearth furnaces, approximately half being made 
in basic-lined furnaces. The basic furnace offers one 
distinct advantage in permitting partial removal of 
sulphur and phosphorus, thereby making possible the 
use of less costly scrap. However, in localities where 
scrap low in sulphur and phosphorus is abundant, the 
acid open-hearth process commonly is used for various 
reasons, some of which are largely a matter of beliefs. 
For example, it is claimed that acid open-hearth steel 
has less flakes and cooling cracks, and that it has fewer 
internal cracks or ruptures in heavy sections. Neither of 
these claims has been proved definitely. Records indi- 
cate, however, that less melting skill is required with the 
acid process, that refractory costs are lower, melting 
time is faster and that, in pouring castings, acid open- 
hearth steel has greater fluidity than basic open-hearth 
steel. 

Much has been written concerning the operation of 
open-hearth furnaces, and elsewhere in this book the 
subject is treated in some detail. Suffice it to say that 
the melting process in foundry practice is very similar 
to that practiced in tlie steel mills, the chief difference 
being that greater amoimts of deoxidizers are required 
in foundry practice to produce sound castings, free from 
porosity. It is necessary to add silicon and manganese in 
excess of 0.30 per cent and 0.60 per cent, respectively, 
for deoxidation purposes. Also, aluminum and alloys of 
calcium, manganese, silicon and zirconium commonly 
are added to insure complete deoxidation, removal of 
dissolved gases such as hydrogen and nitrogen, and, 
finally, for grain-size control. 

Electric furnaces offer several distinct advantages 
over the open-heartli furnaces in the foimdry. The 
modem arc furnace, with its top-charge mechanism, 
improved switchgear and automatic control, is an ex- 
tremely flexible unit and rapidly is replacing the open- 
hearth furnace in the foundry. Electric furnaces permit 
a wider range of scrap selection than the open hearth, 
can be charged quickly and without the aid of a charg- 
ing machine, operation requires fewer men, and the 
power costs arc less than fuel costs in many localities. 
The furnaces can be shut down and allowed to cool to 
room temperature with less damage. The types of steels 
that can be produced in electric furnaces are unlimited. 
Highly-alloyed steels can be made as well as the plain 
carbon steels and electric furnaces are more flexible in 
the size and type of heats. This facilitates foundry plan- 
ning and affects customer relations by the ability to 
make quicker deliveries. 

Electric furnaces are lined with acid or basic refrac- 
tories as available scrap or product characteristics may 
warrant. High-manganese steels are always melted in 
basic-lined furnaces because the slag from such steels is 
very destructive to acid refractories. Where low- 
sulphur and low-phosphorus scrap is not available, 
basic slags must be used to remove these elements, 
hence basic-lined furnaces are used. However, the 
major part of the electric-steel-casting tdnnage is made 
by the acid-electric-fumace process. 

The generally accepted method for making steel in 
acid electric furnaces is to melt hot, then by the applica- 


tion of either iron ore or oxygen, bring the bath to a 
violent boil or “blow,” following which the heat is 
tapped before the action subsides completely. The metal 
generally is deoxidized in the ladle by the addition of 
relatively large amounts of deoxidizers. 

There is greater variation in the melting operation of 
basic furnaces than acid furnace.s. However, the three 
principal methods employed in the basic furnace arei 
(1) the dead-melt process, in which a reducing slag is 
made up as quickly as possible and maintained through- 
out the heat; (2) the double-slag process in which the 
first oxidizing slag is removed and replaced with a 
white, lime finishing slag; and (3) the single-slag 
method with an oxidizing slag which may or may not be 
made reducing before tapping. Each method has its own 
specific advantages, depending upon the type of steel 
being made. 

MOLDING FOR CASTING STEEL 

Patterns and Molds for Steel Castings— The construc- 
tion of the pattern is perhaps the most important single 
factor in the production of a casting. Not only must the 
pattern be dimensionally accurate, but full considera- 
tion must be given to making it meet the requirements 
of the foimdry equipment and technique. The patterns 
for steel castings are usually made to Vi of an inch 
per foot larger Aan the dimensions shown on the draw- 
ing to compensate for metal shrinkage, because steel 
castings cooling from the liquid state to room tempera- 
ture contract approximately H inch per foot, depending 
upon the chemical composition of the steel and the size 
and design of the casting. It follows, therefore, that to 
make dimensionally accurate castings provision must be 
made for metal shrinkage. Patternmakers make such 
adjustments by shrink rules or patternmakers’ rules 
which are graduated to compensate for the necessary 
shrink allowance. Other details of pattern construction, 
such as allowance for draft to facilitate removal of the 
pattern from the molding sand, padding for feed pur- 
poses, avoidance of sharp changes in metal sections, and 
elimination of sharp edges, comers and reentrant angles, 
all require full consideration. 

There are several types or classes of patterns, each 
fulfilling a specific need. Patterns may be made of wood 
or metal, as required, and used in conjunction with 
hand -molding or machine-molding methods, depending 
upon the number of castings to be made and the degree 
of precision required. Descriptions of patterns and 
molding machines and procedures will be found in the 
books listed at the end of this chapter. 

The materials used for making molds vary to a great 
extent, not only from foundry to foundry, but within 
the same foundry. The size and type of castings, the 
composition and temperature of the metal, pouring 
methods and foundry technique, sand mixing and re- 
claiming facilities, and location of the foundry exercise 
a profound influence upon the type of molding material. 
Some foundries prefer to make molds of crude or bank 
sand. For special work calcined ganister or Chamotte 
is sometimes favored. 

Patents have been issued for many molding media, 
such* as those used in the Fischer process (calcined 
aluminous-clay grog), or in the Itandupson process 
(sand and cement). Highly refractory silica sands of 
known particle size, mixed with weighed or measured 
quantities of various types of clays, resins, dextrins, 
vegetable oils, and water to develop desired molding 
characteristics are used. Plaster, plastic and wax pat- 
terns have been used for special purposes, such as mak- 
ing an experimental casting. Wax patterns are used ex- 
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PATTERN 


CORE BOXES 



DRAB SECTION 



COPE SECTION CASTINi 





CASTINB 



Fi(i. 18—1. Parts and accessories for preparing typical molds for two relatively small ferrous castings. 


tensively for castings weighing a few ounces and a 
special operation known as the “lost wax” or “precision 
casting” proce.ss is based upon the use of such patterns; 
this process is described in more detail later in this 
chapter. 

Other molding materials include mold and core 
washes which are sprayed, or swabbed, on the mold sur- 
faces to make a smooth mold and resist metal penetra- 
tion, gaggers or reinforcing rods which are placed 
around the pattern in the sand to add strength to the 
mold, and chills of various types are used to promote 
directional solidification and reduce the effect of severe 
temperature gradients caused by sharp changes in metal 
sections of the casting. External chills are placed di- 
rectly on the pattern and the chill is flush with the mold 
wall when the pattern is removed from the sand. In- 
ternal chills are placed in the mold after the pattern has 
been removed. Internal chills are often more effective 
than external chills, but they must be positioned with 
the utmost discretion. Chaplets and stem anchors are 
used within the mold cavity to support an internal core. 
Nails frequently are inserted in the mold surface to pre- 
vent metd penetration and sand erosion. RoUed-steeh 


cast-steel or wooden frames, commonly called flasks, 
are used to hold the molding sand around the pattern. 

Flasks are made in two sections — the lower half is 
called the drag section; the upper half is called the cope 
section. Occasionally, there is need for a third section 
which is placed between the cope and the drag. This is 
known as the cheek section. The bottom of the flask is 
termed the bottom board or bottom plate. It is important 
that the cope and drag sections match properly. With 
small or medium flasks, this is accomplished by hard- 
ened pins placed on the outside of the drag section: 
with larger flasks, this matching is performed with 
guides, peep-sights, match blocks and many other in- 
genious devices. The flask sections and the bottom board 
are held together by “C” clamps and wooden or steel 
wedges. Figjure 18 — 1 shows patterns, cope and drag sec- 
tions of two different molds, and accessories required 
for one of the molds, and the finished castings produced 
with this equipment. 

Making the Mold — ^The size and shape of the casting 
are the controlling factors in deciding how the molten 
steel should be introduced into the mold and where to 
locate gates, risera and vents. A flask is selected which 
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is sufficiently larger than the pattern to provide room 
between the pattern and the flask wall to accommodate 
at least several inches of sand and the gate system. The 
flask also must be sufficiently large to permit placement 
of the feedheads or risers which are attached to the pat- 
tern and leave spa(*es in the finished mold to serve as 
reservoirs for molten metal that supply extra rnctal to 
feed the voids formed by shrinkage as the metal cools 
and passes from the liquid to the solid state. 

In preparing the mold for a typical steel casting of 
relatively small size, the bottom board or bottom plate 
is clamped securely to the flange of the drag section of 
the mold as shown in Figure 18—1. The pattern is set on 
the bottom plate in such a position that sand may be 
rammed over the top of the pattern. The amount of sand 
must be sufficient to prevent metal runout, to develop 
the required strength to resist ferrostatic pressure, and 
to permit handling of the mold. Facing sand is riddled 
or sifted over the surface of the pattern to a depth of 
one inch and packed in any pockets and around the cor- 
ners of tlie pattern. Ileap-sand, which is nothing more 
than used facing and core sands, sometimes re-bonded, 
is rammed into the flask to a depth of four inches. 
Pneumatic air hammers may be used for this purpose* 
and many foundries use sandslingers. More heap-sand 
is added to a depth of six to eight inches, or until the 
flask is full and, after ramming, the excess sand is re- 
moved by a straight-edge. This operation is known as 
striking off. A bottom plate is clamped over the top of 
the flask and the entire flask section is rotated or turned 
180“. The first bottom board is now removed and the 
cope section of the pattern is placed on the drag section. 
The two parts of the pattern are matched properly by 
dowel pins fitted into holes located in the face of the 
parting line, joint line, or split sections of the pattern. 
The cope section of the flask, which is reinforced with 
cross bars, is set on the drag section and fitted properly, 
as described. The cross bars in the cope section also 
serve to support gaggor rods which reinforce the sand, 
thereby preventing possible distortion of the mold cavity 
by pressure of the metal entering the mold. 

A finely ground sand, known as parting sand, is 
dusted on the face of the drag section to prevent co- 
hesion of the sand in the cope section with the sand in 
the drag section. Kiser patterns are placed at the desired 
locations on the casting pattern and a sprue stick or 
gate tile is placed upright on the sand surface of the 
drag near the point where the metal is to enter the mold 
cavity. Facing sand is then riddled over the pattern and 
packed firmly by hand. The gagger rods are placed and 
heap sand rammed into the flask in the same manner as 
described for tlie drag section. After ramming is com- 
plete, the riser patterns and sprue stick, if used, are re- 
moved. The cope section is removed from the drag and 
the cope and drag patterns drawn from the sand by 
lifting screws. Pneumatic vibrators are sometimes at- 
tached to the patterns for the purpose of freeing the 
pattern from the sand. The mold is smoothed off and 
patched, and rough comers and edges are rounded. The 
gate is cut in the drag section from the base of the sprue 
stick to the mold cavity. Cores, and chaplets, if required, 
are properly placed as shown by core prints and mark- 
ings on the pattern. Provision for elimination of mold 
and core gases is made by jabbing a rod through the 
mold wall or by scratching vents across the drag section 
of the mold at the parting Hne. Internal chills, if re- 
quired, are placed at this time. External chills are placed 
on the pattern surface prior to adding the facing sand. 

If the casting is to be what is known as a green sand 
casting, the cope section of the mold is placed on the 
drag section aid clamped securely to the bottom board. 


A runner cup, a sand mold having an internal shape 
similar to a funnel, is placed directly over the gate, and 
the mold is ready to pour. 

If the casting is to be what is known as a dry sand 
casting, the mold cavity is sprayed or swabbed with a 
mold wash, and placed in a mold oven before the cores 
are set. Operating temperatures of mold drying ovens 
vary from 300-800“ F and the time of drying may vary 
from 4 hours to 72 hours, depending upon the type of 
molding sand, the size of the mold, and the drying char- 
acteristics of the oven. After drying, cores and chaplets, 
if required, are placed and asbestos rope or putty is 
placed on the joint surface for a seal. The cope section 
then is fitted properly on the drag section and, after 
placing the runner cup, the mold is ready to receive the 
molten metal. 

Machine Molding— Fundamentally, machine molding 
methods differ little from the process previously de- 
scribed for the manual or floor molding operation, the 
chief difference being that the ramming of the sand and 
the removal of the pattern from the sand arc performed 
by machine. Also, there are details of pattern construc- 
tion, such as integral gates and, frequently, attached 
risers, which eliminate some of the work formerly done 
by hand. However, the placement of cores, patching and 
finishing of the mold still remain as the chief function 
of the molder. 

A relatively new molding method known as “shell 
molding’’ lends itself to the production of molds by ma- 
chine methods. This method of molding is described 
briefly in Section 2 of this chapter. It is especially 
adapted to production of large numbers of small repeti- 
tive castings. 

Cored Molds for Hollow Castings — Many castings are 
designed with overhanging flanges, ribs, bolt holes, 
bosses and hollowed-out sections. Such castings, be- 
cause of their irregular shape, cannot be produced 
simply by making a mold, and the foundryman must 
resort to the use of cores to meet the demands of the de- 
sign. A core is nothing more than a solid shape made of 
sand. Sand is rammed either by hand or machine, or 
blown into a core box. When the core box is filled with 
sand and the excess sand “struck off*^ with a straight 
edge, it is turned over and the box lifted from the core 
thus formed. The ranuning operation includes place- 
ment of reinforcing rods, or wire, for strengthening 
purposes. Vent rods are jabbed through the core to per- 
mit escape of gases. Sometimes wax wire is rammed in 
with the sand and, upon baking, the wax wire melts, 
thereby forming a passageway through which mold 
gases escape. As soon as the core is vented and sprayed 
with core wash, it is placed in an oven to bake. The 
baked core should be hard, strong, and smooth, but it 
should be sufficiently collapsible at high temperature in 
order not to cause the casting to “hot tear,” i.e., pull 
apart due to contraction as the metal cools. Appendage.s 
attached to the molder’s pattern permit the cores to be 
placed at the proper locations in the mold. These ap- 
pendages are known as corepiints and have the same 
dimensions as the inside dimensions of the core box. Tlie 
core prints are of sufficient length to provide a good 
bearing surface to support the core. It is sometimes 
necessary to tie the cores in the cope section of the mold 
or to use chaplets and stem anchors to provide addi- 
tional support. 

Cores are made by hand and by various types of 
molding machines, including sandsUnger and rollover 
machines. For high production work, core blowers are 
used extensively. Core baking and drying operations re- 
quire considerable attention and much use is being 
made of dielectric heating methods, as well as auto- 
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Fig. 18—2. Schematic vertical sections through various molds, illustrating types of gates frequently employed (After 
Briggs). 


matically controlled oil- and gas-fired ovens. Perhaps 
one of the greatest problems in the foundry is the selec- 
tion and development of core sands to fill the specific 
needs of the various types of castings. Such problems 
are so varied and of such importance that specialists 
are employed in many of the foundries to study sands 
and sand compositions. 

Gates, Risers and Vents — ^The gate, as mentioned 
previously, is the channel or passageway through which 
the metal flows in filling the mold. The height, the cross- 
sectional area, and the shape of the gate, as well as the 
point at which it enters the mold cavity, are all impor- 
tant factors in any gate system. Many defects in steel 
castings, such as imbedded sand, cracks, shrinkage 
cavities, core failures, and misrun castings are attrib- 
uted directly to poor gating practice. A gate, in order to 
function properly, must permit the flow of the metal 
into the mold with the least amount of turbulence. It 
must carry sufficient volume of metal with enough pres- 
sure to fill the mold quickly, and it must be arranged to 
permit proper distribution of temperature gradients. 

There are four general types of gates, (1) the bottom 
gate* (2) the parting gate, (3) the top gate, and (4) the 
step gate which is a combination of the three afore- 
mentioned types. The bottom gate is used most com- 
monly for large floor-molded castings. The parting gate 
is favored for smaller work and is used on practically 
all machine -molded castings. There are many modiflea- 
tions of each of the four types, such as horn gatet;, pencil 
or finger gates, swirl or whirl gates, skimmer gates, 
shower gates, ring gates and strainer gates. Figure 18—2 
shows types frequently used. 

There are two types of risers; (1) the open riser, and 
(2) the blind riser. Open risers are attached to the sur- 
face of the casting at some location on the cope side and 
extend through the sand to the surface of the mold. The 
size of the riser depends upon the size of the section to 
be fed and upon the design of the casting. In general, 
the cross section of the neck of the riser should be equal 
to the section thickness of the casting at the point of at- 



ATMOSPHERIC RISER 

Fio. 18—3. Schematic represen- 
tation of an open or atmos- 
pheric type feedhead or riser 
(After Briggs). 

tachment. The body of the riser should be slightly larger 
than the neck and the height at least 1.5 times its diame- 
ter or width (see Figure 18 — 3). 

Blind risers usually are attached to the drag side of 
the casting and are covered completely with sand. The 
neck thickness should be to 2 times the sectional 
thickness of the casting at the point of attachment. The 
diameter of the riser body should be 2 to 2% times the 
sectional thickness at the point of attachment. The 
height of the riser should be about 1.5 times the diame- 
ter and the topmost surface roimded off or dome shaped. 
In order to insure proper feeding action of blind risers, 
a sand core or carbon rod should be inserted in the top 
section. Also a vent or pop riser should extend from the 
top of the riser to the sixHace of the mold. The use of 
the core in blind risers is patented and is known as the 
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Fig. 18 — 4. Vertical section of a mold employing a Williams 
core in conjunction with a blind riser (After Briggs). 


Williams method. The core serves to admit atmospheric 
pressure, thereby increasing feed efficiently. Figure 
18 — 4 is a sketch of a Williams core on a blind riser. 

Risers placed on steel castings present a serious prob- 
lem to foundrymen from the standpoint of cleaning, be- 
cause all risers must be removed prior to shipment. For 
this reason the Washburn core or necked- down riser is 
finding considerable use in conjunction with both open 
risers and blind risers. The necking core is nothing more 
than a core through which a small opening connects the 
riser to the casting. The thickness of the core and the 
size of the opening depend upon the size of the riser 
required. The necking core has the advantage that 
risers can be removed easily by sledge hammers, 
whereas oxyacetylene torches are necessary to remove 
conventional risers. Figure 18 — 5 illustrates use of a 
necking core with a blind riser. 



Fig. 18 — 5. Washburn necking core used to neck down 
the riser to facilitate removal, applied to a blind riser 
using a Williams core. (After Briggs) . 


During the teeming process many mold gases are 
formed by volatilization and burning of sand binders 
and by the expansion of the cool air within the mold 
cavity. Provision for the exhaust of such gases is made 
by jabbing wires through the mold to the surface or by 
the use of very small risers. The small holes thus formed 
are called vents and usually are located over points of 
the mold cavity where trapped gas might be expected, 
such as pockets and high points, or at flanges where a 
blind riser is used in place of an open riser. The vent rod 
preferably should be flat in shape rather than round. 
Some foundrymen contend that the practice of venting 
is unnecessary and results in excessive cleaning costs^ 
However, the practice still is carried on in most found- 
ries. 

STEEL CASTING AND FINISHING OPERATIONS 

Casting — There are two classes of castings, static cast- 
ings, and centrifugal castings. The discussion, so far, 
has dealt only with static castings, i.e., castings which 
depend upon proper molding practice, atmospheric 
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pressure and ^avity to form castings free from internal 
shrinkage cavities and other defects. The second class, 
centrifugal castings, as the name implies, makes use of 
centrifugal action to perform the function of gravity in 
static casting. There are two types of centrifugal cast-* 
ings— the horizontal type and the vertical type. In the 
horizontal type, the mold rotates on a horizontal axis. 
This method is used principally for making long, con- 
centric, hollow castings with uniform wall thickness, 
where risers are not required. Tubing, pipe, gun bar- 
rels, bushings, sleeves, etc., are typical castings made 
by this process. The vertical method, employing rota- 
tion about a vertical axis, is essentially a pressure- 
casting method and depends, in part at least, on gravity, 
atmospheric pressure, and proper location of riser or 
risers to produce sound castings. Gears, piston rings, 
impellers, propellers, turbine diaphragms, etc., with sec- 
tions too thin to be cast by static me^ods or where ex- 
ceptional feeding problems arise which cannot be sur- 
mounted in any other way, are made by the vertical 
centrifugal process. There are several advantages to 
be gained from centrifugal casting methods: (1) cast- 
ings are said to be sounder and have fewer inclusions, 
(2) fewer cleaning problems, and (3) a 10 to 30 per cent 
increase in yield. 

Shaking Out, Cleaning, Finishing and Testing— After 
the castings have been poured and sufficient time al- 
lowed for solidification and cooling, they are shaken 
out, i.e., the castings are removed from the flask and 
sand. This operation is performed by placing the entire 
flask on a vibrating grid called a shakeout machine. 
The clamps are removed from the flask sections and the 
vibration of the machine causes the sand to fall loose 
and free of the castings. The castings are then removed 
to the cleaning room where they are subjected to blast 
cleaning or put through a tumbling barrel, where the 
abrasive action of sand particles or metallic shot im- 
pinging upon the walls of the castings loosens and re- 
moves adhering sand. Risers and gates are removed by 
oxyacetylene torch, electric arc, abrasive or friction 
saws, or by sledge hammers. Fins and surface defects 
found during preliminary inspection are removed as far 
as possible by chipping and burning. Within recent 
years, the powder- injection acetylene torch has been 
applied successfully to the removal of bumt-on sand. 
The riser necks, gate stubs, and slight surface imperfec- 
tions are dressed by grinding wheels of various types 
and sizes. Repairs by welding also are performed some- 
times, depending upon the carbon and alloy content of 
the steel. Castings containing more than 0.30 per cent 
carbon or of equivalent hardness that require repairing 
by welding are welded prior to heat treatment. After 
heat treatment, the castings are subjected to final 
surface-finishing operations — chipping, grinding, or 
sand blasting — as required. Finally, they are inspected 
for surface defects and dimensional accuracy. This in- 
spection may include examinations utilizing X-ray, 
gamma-ray, magnetic-particle, fluorescent-penetrant, 
or ultrasonic methods. 

HEAT TREATMENT OF STEEL CASTINGS 

In the “as cast” or “green” state, steel castings are 
relatively brittle and possess poor mechanical proper- 
ties. It follows, therefore, that in order to render them 
serviceable they must be subjected to a heat treatment 
which will refine the grain and break up the dendritic 
structure, relieve internal stresses, and develop the 
desired physical and mechanical properties. The heat 
treatment applied to steel castings depends upon the 
chemical composition, section size, design, grain size, 
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and the desired mechanical properties. Because of the 
variations in size, section and design of castings, their 
heat treatment requires considerable care. However, 
steel castings respond to heat treatment similarly to 
wrought steel products and, for aU practical purposes, 
the same rules apply, with care being exercised in plac- 
ing castings in the furnace in such a way that there is 
minimum of danger of warpage, distortion or cracks 
which may cause them to be unfit for service. The com- 
mon heat treatments applied to steel castings are as fol- 
lows: 

Annealing — The castings are placed in a furnace and 
heated slowly to a temperature slightly above the Ac. 
point, usually 1650® F for carbon steels. The castings 
are held at that temperature 1 hour per inch of thick- 
ness of the heaviest section and cooled slowly in the 
furnace. Such treatment relieves casting stresses, re- 
fines the grain, and serves to eliminate the dendritic 
structure. Annealing raises the tensile and yield 
strength and increases ductility. It also improves ma- 
chinability, especially of high-carbon steels. 

Normalizing — ^The normalizing treatment is similar to 
the annealing process, except that the castings are re- 
moved from the furnace at the end of the soaking or 
holding time and allowed to cool in still air. The nor- 
malizing treatment produces a harder steel with higher 
yield and tensile strength than the annealed product, 
with ductility value approximately the same. However, 
internal stresses are not removed to the same extent as 
in the annealing process. Double normalizing is often 
employed to produce a more uniform grain structure 
and such treatment improves the ductility. To remove 
internal stresses or to reduce the hardness of normal- 
ized steels, a draw or tempering treatment is used fre- 
quently, i.e., heating the casting to a temperature below 
the critical range and allowing it to cool in the furnace. 
Tempering temperatures for steel castings range from 
500 to 1250* F. 

Quenching and Tempering — The quenching and tem- 
pering treatment is confined principally to high-carbon 
and alloy-steel castings where high strength and resist- 
ance to impact and/or abrasion is required. The general 
practice is to anneal or normalize the castings, reheat 
and quench. The tempering treatment should follow 
immediately, because internal stresses set up by the 
quench may cause the castings to crack. Sometimes, it 
is necessary to use a time quench to eliminate cracking, 
in which case the casting is immersed in the quenching 
bath for a predetermined time interval, removed, and 
subjected to the tempering treatment immediately. 
Such procedure must be controlled closely; otherwise, 
wide variations in hardness values may result. The end- 
quench hardenability test is of great value in determin- 
ing quenching and tempering procedure for steel cast- 
ings. 

Some alloy steels, particularly straight manganese 
steel in the range of 1.00 per cent up to 2.00 per cent, 
are susceptible to temper brittleness. Such steels have 
low impact and ductility values when cooled slowly 
from the tempering temperature. To avoid this, it is 
sometimes necessary to cool quickly from the temper- 
ing temperature by quenching or air cooling. 

Flame Hardening— It is sometimes desirable that cast- 
ings be differentially hardened, i.e., parts of the cast- 
ing subject to extreme wear or abrasion should be 
harder than another part of the same casting which re- 
quires a machining operation. A pinion gear, for ex- 
ample, should have hard, wear-resistant teeth with a 
machinable bore. In such cases, the castings first are an- 
nealed or normalized and then only the surfaces to be 
hardened are heated to the hardening temperature by 


a torch or induction-heating apparatus. The heated 
parts are quenched in water. A time quench often is em- 
ployed to prevent critical internal stresses. Sections can 
be hardened up to % inch in depth by the flame harden- 
ing process. 

HEAT- AND CORROSION-RESISTANT 
STEEL CASTINGS 

Highly Alloyed Steels— Normally, high-alloy steel 
castings contain at least 12.0 per cent of alloying ele- 
ments, such as chromium, nickel, cobalt, copper, molyb- 
denum and tungsten, although 4 to 6 per cent cluomium 
steel is generally considered in this class. Various alloy 
combinations have been developed by consumers and 
manufacturers for specific applications where conditions 
of heat and corrosion are critical. There is no clear line 
of demarcation between heat-resistant castings and cor- 
rosion-resistant castings since corrosive media, in the 
form of fumes and exhaust vapors, usually accompany 
high temperatures. Moreover, the so-called stainless or 
corrosion -resistant castings possess excellent mechani- 
cal properties at high temperatures. It is not uncom- 
mon, tlierefore, to see castings of a composition designed 
to resist corrosion being used for heat-resistant appli- 
cations, and vice versa. 

Typical Applications — ^Heat- and corrosion-resistant 
castings serve a very broad field. Mine pumps, impel- 
lers, fans, valves, valve trim, tubing, sleeve nuts, return 
bends, agitators, retorts, stills, vessels, digesters, thim- 
bles, nozzles, and centrifuges, are but a few of the cast- 
ings being used in chemical plants for corrosive appli- 
cations. The explosives manufacturers, oil and petro- 
leum refineries, paper mill plants, nylon and fabric 
manufacturers, food and medicinal producers, and the 
mining and ore-concentrating industries use many 
corrosion-resistant castings. Heat-resisting alloy cast- 
ings are used in practically every installation where 
temperatures exceed 1200® F or where alternate heat- 
ing and cooling cycles are employed; typical examples 
are chain conveyors, blower tubes, carburizing trays, 
recuperators, heat exchangers, hearth plates, grate bars, 
dampers, retorts, rolls, furnace doors, skid bars, carrier 
blades, muffles, safety sleeves, fractionating towers, nor- 
malizing shafts, guides, piercer points, and tube sup- 
ports. 

In the past, the optimum chemical compositions were 
determined largely by trial and error methods, but in 
recent years scientific studies and tests conducted by the 
Alloy Casting Institute and other interested parties have 
done much toward the standardization and proper use 
of the various grades of high-alloy steels. Table 18 — II 
shows the compositions of some of the important grades 
of heat- and corrosion-resistant steels used for castings. 

Melting — Steels for heat- and corrosion-resistant cast- 
ings are melted in arc-type electric furnaces and high- 
frequency electric induction furnaces. The direct-arc 
electric furnace is used more extensively, but modem 
developments in induction melting equipment make it 
an extremely desirable xmit for melting alloy steels for 
metallurgical, as well as operating, reasons. Furnace 
linings may be acid or basic and, in the case of the 
induction furnace, the lining may be neutral. The basic- 
lined furnace has the advantage of greater alloy ef- 
ficiency and makes possible the use of chrome ore and 
nickel oxide for chromium and nickel additions. Also, 
it is possible to oxidize and reduce heats containing 
alloy scrap without serious loss of expensive alloys. On 
the other hand, acid furnaces require less skill to 
operate, they are faster, and the refractory costs are 
lower. Melting costs of induction furnaces compare 
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Table 18--II. Standard Designations and Chemical Composition Ranges ol Heat- and 
Corrosion -Resistant Steels for Castings (Per cent)* 

CORROSION RESISTANT 


Alloy 

Casting 

Institute 

Type 

C 

(Max.) 

Mn 

(Max.) 

Si 

(Max.) 

P 

(Max.) 

S 

fMax.) 

Cr 

Ni 

Other 

CA-15 

0.15 

1.00 

1.50 

0.04 

0.04 

11.5-14.0 

1 max. 

Mo! 0.5 max. 

CA-40 

0.20-0.40 

1.00 

1.50 

0.04 

0.04 

11.5-14.0 

1 max. 

Mo: 0.5 max. 

CB-30 

0.30 

1.00 

1.00 

0.04 

0.04 

18.0-22.0 

2 max. 

0.90-1.20 Cu optional 

CC—SO 

0.50 

1.00 

1.00 

0.04 

0.04 

26.0-30.0 

4 max. 

CE^O 

0.30 

1.50 

2.00 

0.04 

0.04 

26.0-^0.0 

8.0-11.0 


CF- 8 

0.08 

1.50 

2.00 

0.04 

0.04 

18.0-21.0 

8.0-11.0 


CF-20 

0.20 

1.50 

2.00 

0.04 

0.04 

18.0-21.0 

8.0-11.0 


CF- 8M 

0.08 

1.50 

1.50 

0.04 

0.04 

18.0-21.0 

9.0-12.0 

Mo: 2.0^3.0 

CF-12M 

0.12 

1.50 

1.50 

0.04 

0.04 

18.0-21.0 

9.0-12.0 

Mo: 2.0-3.0 

CF- 8C 

0.08 

1.50 

2.00 

0.04 

0.04 

18.0-21.0 

9.0-12.0 

Co: 8xC Min., 1.00 
max. 

CF-16P 

0.16 

1.50 

2.00 

(a) 

(a) 

18.0-21.0 

9.0-12.0 

(a) 

CG-12 

0.12 

1.50 

2.00 

0.04 

0.04 

20.0-23.0 

10.0-13.0 

CH-10 

0.10 

1.50 

2.00 

0.04 

0.04 

22.0-26.0 

12.0-15.0 


CH-20 

0.20 

1.50 

2.00 

0.04 

0.04 

22.0-26.0 

12.0-15.0 


CK-20 

0.20 

1.50 

2.00 

0.04 

0.04 

23.0^27.0 

1 19.0-22.0 


CN-7M Cu 

0.07 

1.50 

(b) 

0.04 

0.04 

18.0-22.0 

21.0-81.0 

May contain Mo 
and Cu. 


HEAT RESISTANT 


Alloy 

Casting 

Institute 

Type 

C 

Mn 

(Max.) 

Si 

(Max.) 

P 

(Max.) 

S 

(Max.) 

Cr 

Ni 

Mo 

(Max.) 

HC 

0.50 max. 

1.00 

2.00 

0.04 

0.04 

26.0-80.0 

4.0 max. 

OJS 

HD 

0.50 max. 

1.50 

2.00 

0.04 

0.04 

26.0-30.0 

4.0- 7.0 

OJS 

HE 

0.20-0.50 

2.00 

2,00 

0.04 

0.04 

26.0-30.0 

8.0-11.0 

0.5 

HF 

0.20-0.40 

2.00 

2.00 

0.04 

0.04 

18.0-23.0 

8.0-12.0 

0.5 

HH 

0.20-0.50 

2.00 

2.00 

0.04 

0.04 

24.0-28.0 

11.0-14.0 

0.5 

HI 

0.2(M).50 

2.00 

2.00 

0.04 

0.04 

26.0-30.0 

14.0-1S.0 

0.5 

HK 

0.20-0.60 

2.00 

3.00 

0.04 

0.04 

24.0-28.0 

18.0-22.0 

0.5 

HL 

0.20-0.60 

2.00 

3.00 

0.04 

0.04 

28.0-32.0 

18.0-22.0 

0.5 

HT 

0.35-0.75 

2.00 

2.50 

0.04 

0.04 

13.0-17.0 

33.0-37.0 

0.5 

HU 

0.35-0.75 

2.00 

2.50 

0.04 

0.04 

17.0-21.0 

37.0-41.0 

0.5 

HW 

0.35-0,75 

2.00 

2.50 

0.04 

0.04 

10.0-14.0 

j 58.0-62.0 

0.5 

HX 

0,35-0.75 

2.00 

2.50 

0,04 

0.04 

15.0-19.0 

64.0-68.0 

0.5 


• Based on: “Steel Castings Handbook,” Steel Founders* Society of America (1950) . 

(a) For free-machining properties, suitable combinations of Se, P. Mo and S may be used. 

(b) Silicon content varies for different proprietary alloys. 


favorably with acid- or basic -lined arc furnaces, and 
chemical composition and metal temperatures can be 
controlled within closer limits. Moreover, alloy re- 
coveries are said to be higher. The induction furnace is 
limited to the dead-melt process but with present de- 
velopments in flushing inert gases, such as argon and 
nitrogen, through the bath to remove dissolved gases, 
this does not pose a serious disadvantage. 

Regardless of the type of melting unit, strict metal- 
lurgical control is necessary to produce high-alloy 
steels. Care must be exercised in the purchase of ferro- 
alloys and other raw materials, and scrap must be 
segregated according to composition and used with ut- 
most discretion. Because most furnaces used for melting 
alloy steels for foimdry use are small, seldom exceeding 
three tons’ capacity, heats are made rapidly and time 
is not available to run control analyses. For this reason, 
complete control of furnace operation and all raw ma- 
terials and scrap is necessary. 


Casting — High-alloy castings are made in static molds 
and centrifugal molds of the horizontal or vertical type. 
By far the greater tonnage is produced in static molds 
by conventional molding methods. However, a large 
number of horizontal centrifugal castings are made in 
the form of tubing, retorts, rolls and rollers. For work 
of this type, the centrifugal method is of great advantage 
since casting yield approaches 90 per cent, no cores are 
required, and the molds may be made of sand or, in 
some instances, cast iron sprayed with a highly refrac- 
tory material. The vertical centrifugal method of cast- 
ing is xised only when static methods fail and the 
castings cannot be made any other way. Impellers con- 
taining thin vanes, for example, or castings designed 
in such a manner that they cannot be properly fed, are 
made by the vertical centrifugal method. 

Molding— F\indamentally, the molding procedure for 
high-alloy castings is the same as that employed for 
carbon-steel castings. However, greater skill and more 
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precision is required on the part of the molder because 
excess stock on castings necessitates expensive machin- 
ing operations. Every effort must be expended to pro- 
duce clean, smooth, soimd castings. The molding sand 
must be rigidly controlled and the particle size and 
bonding must be such that details of the pattern are 
reproduced accurately. The risers and gates should be 
located so as to avoid internal defects and center-lin6 
shrinkage, for such defects in castings exposed to high 
temperatures or corrosive media cause premature fail- 
ures. The use of internal chills should be avoided, but 
if the casting problem cannot be surmounted in any 
other way, the chill material should be of the same 
chemical composition as the metal in the casting. Like- 
wise, stem anchors and chaplets should be used spar- 
ingly and with care. Chill nails should never be used 
on high-alloy castings because contamination of the 
surface of the casting by the steel nail head may initiate 
corrosion and ultimately cause failure. 

Finishing Operations—Cleaning and finishing opera- 
tions for high-alloy steel castings differ but slightly 
from ordinary steel castings. Shot blasts or other abra- 
sive cleaning devices must contain high-alloy shot or 
what is called high-alloy sand, since steel shot causes 
the castings to corrode. Risers and gates are removed 
by biuning with an electric arc, although abrasive or 
friction saws are sometimes used for this purpose. The 
riser and gate pads are removed completely by grind- 
ing and all surface imperfections must be smoothed off 
by grinding. Frequently, alloy castings are groimd to 
template. Casting repair by welding is limited strictly 
to minor defects and when welding is permitted, a rod 
of the same chemical composition as the casting gen- 
erally is used. Heat treatments vary according to com- 
positions, and range from carbide-solution treatments 
for corrosion-resistant castings such as 18 Cr-8 Ni, to 
precipitation-hardening treatments for the high- 
chromium, low-nickel-molybdenum steels. Steels con- 
taining 11.5 to 14.0 per cent chromium respond to the 
conventional hardening and tempering treatments. 


Heat-resistant alloys, such as 24 Cr-12 Ni, are some- 
times treated to improve machinability, in which case 
they are heated to approximately 1600" F and slowly 
cooled. The purpose of the treatment Is to precipitate 
carbides. 

Before shipment, castings are checked thoroughly for 
dimensional inaccuracies and surface imperfections and 
finally are cleaned m a sand blast or similar equipment. 

Methods of Sampling and Testing— -Sampling and 
preparation of samples for chemical tests have become 
standardized fairly well in all foundries. In general, 
test specimens for chemical analyses are poured from 
the ladle at about the mid-point of the teeming opera- 
tion so that the sample is representative of the entire 
heat. The sample is cleaned and drilled; the first H 
inch of drillings is thrown away as insurance against 
contamination. The chemical composition is then de- 
termined from subsequent drillings according to proven 
analytical procedures. Heat numbers are stamped on 
the castings and test specimens, thereby making possible 
the identification of the chemical composition of the 
castings. Most foundry laboratories are equipped to de- 
termine completely and accurately the compositions of 
steels, ferroalloys, sands, and various raw materials. 

Mechanical properties of cast steels are determined 
from test coupons or test lugs cast integrally with the 
castings. At times it is necessary, by reason of the size 
or design of the casting, to make separate test coupons 
which are identified properly with the castings they 
represent by heat numbers stamped on the castings and 
coupons. The test bars always are heat treated with the 
castings, machined and tested in accordance with stand- 
ard mechanical-testing procedure. Test specimens cut 
from castings sometimes show inferior mechanical prop- 
erties when compared to standard coupon specimens. 
This is due principally to the mass effect, although in 
some instances it may be attributed to improper foundry 
technique, such as inadequate feeding action. Generally, 
results of mechanical tests as performed in the foundries 
may be considered indicative of the quality of the cast- 



Fig. 18—6. Typical prod- 
ucts produced by the 
lost wax or investment 
molding process for pre- 
cision casting of mate- 
rials not readily machin- 
able that cannot be 
formed by hot or cold 
working. (Courtesy, 
Westinghouse Electric 
Corporation.) 
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ings, but it shoiild be recognized that excellent me- 
chanical properties shown by tests do not preclude the 
possibility of poor mechanical properties in a casting. 

Many foundries make use of modern non-destructive 
testing equipment, such as X-ray and gamma -ray ap- 
paratus. Also, an ultrasonic method for detecting in- 
ternal defects and magnetic particle testing for detecting 
surface imperfections, such as cracks and small sand in- 
clusions, is used extensively. In the case of high-alloy 
steels of the austenitic type which are non-magnetic, a 
method which makes use of a fluorescent penetrant and 
black light, is used to indicate cracks. Destructive tests 
in which castings are machined to complete destruc- 
tion are employed frequently to determine the internal 
soundness of castings. Such tests are used as control 
measures and serve to establish foundry technique for 
subsequent castings. The microscope has been used in 
foundries for many years as a control tool to establish 
heat-treating practices and for other related metallurgi- 
cal investigations. 

PRECISION STEEL CASTINGS 

The lost wax or investment molding process of mak- 
ing castings is often referred to as “precision casting.” 
Castings weighing one pound or less can be made to 
tolerances of 0.005 to 0.010 inch. Larger castings weigh- 


ing as much as 10 pounds have been made successfully 
by this method. The process is restricted largely to 
high -alloy steel parts which cannot be machined readily 
and which cannot be formed by hot or cold working 
methods. Such parts include valve parts; turbine blades, 
buckets and nozzles; molds and dies for the plastic and 
ceramic industries; small gears for timers; hobs, milling 
cutters, magnets, jewelry, surgical and dental tools, 
etc. Figure 18 — 6 shows some typical precision castings. 

The process consists of making a pattern of free- 
machining steel, around which a mold is formed of an 
alloy of low melting point. The mold thus formed is used 
for making wax patterns. The wax patterns are then 
used to make up molds similar to those used in the 
conventional molding process, except that risers are 
not required and the molding sand is bonded with an 
ethyl silicate, making a very hard and highly refractory 
mold when dried. The wax patterns within the mold are 
not lifted out of the sand but are removed by melting 
with steam or hot air; hence, the name “lost wax.” The 
molds then are inverted over small induction furnaces 
containing the metal to be cast and clamped to the fur- 
nace. The furnace is rotated 180 degrees and the molten 
metal forced into the molds by air pressure, by centrif- 
ugal force, or by vacuum. The castings finally are 
cleaned and finished just as in conventional casting 
practice. 


SECTION 2 

IRON CASTINGS 


Pig Iron for Castings — Castings are of innumerable 
kinds and uses, roughly grouped as chilled -iron cast- 
ings, gray-iron castings, alloyed-iron castings, malleable 
castings and nodular-iron castings. In general, castings 
arc made by mixing and melting together different 
grades of pig iron; different grades of pig iron and 
foundry scrap; different grades of pig iron, foundry 
scrap and steel scrap; or different grades of pig iron, 
foundry scrap, steel scrap and ferroalloys or other 
metals. In rare instances, molten iron direct from the 
blast furnace is run to a mixer, then to an electric fur- 
nace in which its composition is adjusted. In all rc- 
melting operations, the pig iron undergoes some change. 
Hence, physical properties of the pig iron itself are 
held subordinate to chemical composition in iron for 
remelting. However, by selecting iron of different grades 
and controlling the rate of cooling, the widest varia- 
tions in mechanical properties may be obtained, from 
extreme hardness and brittleness with low impact re- 
sistance to extreme softness with, however, considerable 
strength and enhanced toughness. Thus, without the 
use of alloys and by selecting different malleable and 
foundry pig irons and controlling the rate of cooling, the 
following ranges in properties may be obtained: 

Brinell Hardness Number 100 to 500 

Tensile Strength 

(Lbs. per sq. in.) 10,000 to 60,000 

Deflection 

(Transverse, In.) 0.04 to 0.36 

Modulus of Elasticity 

(Lbs. per sq. in.) 12,000,000 to 29,000,000 

Besides these properties, representing hardness, 
strength and elasticity, other important properties m 
iron for castings are listed as follows: 
a. Fluidity, at time of casting, which depends upon 
composition and temperature. The melting and freez- 
ing points of pig iron and cast irons of eutectic and 


hypoeutectic composition, for a given phosphorus 
content, vary inversely with the carbon and silicon, 
from 1990® F (1088® C) with 4.40 per cent carbon and 

0. 6 per cent silicon to 2280® F (1250® C) with 3.56 per 
cent carbon and 2.40 per cent silicon, the melting 
point varying inversely with the combined carbon 
for a given low (under one per cent) silicon content. 

b. Shrinkage, which is the net result of contractions and 
expansions in cooling to atmospheric temperature, 

1. e., through the point where solidification begins, 
through the solidification range, and in cooling from 
this range to atmospheric temperature. Shrinkage 
depends upon the temperature of the iron as it enters 
the mold, the composition of the iron, the rate of 
cooling, and subsequent heat treatments, and it varies 
from %2 to % in. per ft. 

The net volume change on cooling from the liquid 
state is incurred stepwise and is complicated by 
structural and other changes that take place, some- 
what in the following sequence and at the indicated 
approximate temperatures. 

1. Contraction in the liquid state — Tapping tempera- 
ture to solidification (say 2200® F, corresponding 
to 1205® C). 

2. Contraction, liquid-to-solid, solidification — ^Tem- 
perature nearly constant at freezing, largest 
change. 

3. Contraction of austenite and ledeburite — ^2200® F 
(1205® C) to 2050® F (1120® C). 

4. Expansion due to graphitization — ^2050* F (1120® 
C) to 1950® F (1065® C)-~large. 

5. Contraction due to cooling — 1950® F (1065® C) to 
1325® F (720® C). 

6. Expansion— austenite to pearlite, gamma to alpha 
iron— 1325® F (720® C). 

7. Contraction due to cooHng — 1325* F (720* C) to 
room temperature. 
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c. Growth is the tendency of castings to increase in vol- 
ume after repeated heatings to temperatures between 
850 and 1650® F, (455 and 900® C) in the absence of 
stress. It is usually measured in linear units and ex- 
pressed in per cent. It veiries from essentially zero to 
several per cent (there is an example of a reported 
extreme of 50 per cent) according to the time of 
heating or number of heating cycles and type of iron. 
For ordinary castings, 5 per cent is extreme, while a 
growth of 0.002 inch per linear inch is common, and 
depends upon composition and prior heat treatment. 
The causes of growth are believed to be (1) graphiti- 
zation and (2) penetration of active gases into the 
discontinuities of the coarser-grained irons. 

d. Creep is the tendency to increase in length under 
stress (tension) at elevated temperatures above 
700® F; the stress being but a fraction of that re- 
quired to break a specimen of the material in a 
short-time tension test at room temperature. As it is 
expressed in different ways, one example is cited 
for an ordinary gray iron. In short-time tension tests, 
the breaking loads were 34,200 lb. per sq. in. at 70® F, 
and 35,100 lb. per sq. in. at 700® F; at a testing tem- 
perature of 700® F the te.st broke in 9 days under a 
load of 18,000 lb. per sq. in., and in 90 days under a 
load of 9,000 lb. per sq. in. Creep is lessened by cer- 
tain alloy additions. 

e. Porosity, density, and closeness of grain are designa- 
tions referring primarily to macroscopic structure, 
particularly of heavier sections, as revealed by frac- 
tured surfaces. A porous structure is conducive to 
weakness, and is indicative of a condition bordering 
on unsoundness, which term is applied when the 
structure shows more clearly visible blowholes or 
gas pockets, or small cavities due to bleeding or 
shrinkage. The term “density” is sometimes used 
loo.sely to designate grain size rather than mass per 
unit weight; thus, iron showing a fine-grained frac- 
ture is said to be a “dense” iron. Porosity may be due 
to segregation of low-melting constituents, to minute 
slagliko inclusions, or oxides that react with carbon 
to form gas while the casting is solidifying. 

f. Machinability (the capability of being machined) 
may be viewed from various standpoints. Most fre- 
quently it is considered to be the characteristic (of 
the metal being machined) which causes more or 
less wear on the cutting tool; less frequently the 
definition involves the power required for the ma- 
chining operation; often it refers to the degree of 
smoothness obtainable on the machined surface. 
With due precautions to keep the casting free of 
sand or dirt, machinability is controlled through the 
composition and rate of cooling, but often must be 
sacrificed for some more essential property, such as 
strength or toughness. 

g. Graphitization, a phenomenon common to pig iron 
and cast iron, refers to the decomposition of iron 
carbide or, in any event, the rejection of elemental 
carbon in a casting after solidification has taken 
place, the carbon being liberated in the form of 
graphite which is usually found existing as minute, 
flaky particles disseminated throughout the casting. 
This property is controlled basically through com- 
position of the iron, and is very important in castings, 
particularly malleable castings in which, upon re- 
heating, carbon is rejected as nodules. As will be 
shown later, the formation of graphite is promoted 
by slow cooling, hindered or prevented by rapid 
cooling, and, if suppressed, can be brought about by 
subsequent heat treatment. 


The effects of the different elements upon the proper- 
ties of pig iron and cast iron will now be discussed. 

IRON COMPOSITION vs. PROPERTIES 

Forms of Carbon in Pig Iron— The factors influencing 
the carbon content of pig iron were discussed in Chap- 
ter 12. In considering the effect of temperature on 
molten iron, it is necessary to keep in mind that the ef- 
fective temperatures are inevitably above a certain 
minimum of about 2085® F (1140® C), marking, the 
freezing point of the iron-carbon eutectic. Referring to 
the iron-carbon diagram (see Index) and Figure 18 — 7, 
it will be observed that iron at 2370® F (1300® C) may 
absorb about 5.0 per cent carbon. Being a saturated solu- 
tion, cementite (Fe.,C, 93.33 per cent Fe and 6.67 per cent 
C) crystallizes and separates as the liquid cools to 
2065® to 2085® F (1130® to 1140® C), at which tempera- 
ture we have the eutectic (lowest freezing) liquid, 
called Icdcburitc, containing 4.3 per cent carbon. Upon 
freezing, this eutectic liquid becomes a two-phase solid, 
one phase of which is composed of primary austenite 
(47.7 per cent) containing 1.7 per cent carbon in solution 
(equivalent to 12.1 per cent Fe-.C) and the other (52.3 
per cent) of cementite. In the freezing of the eutectic, 
no drop in temperature occurs until heat equivalent 
to the heat of fusion of this eutectic is abstracted. Then, 
if the cooling is extremely rapid, practically all the car- 
bon remains in these combined forms and the metal is 
extremely hard and brittle. But the saturated liquid 
solution may, in rapid cooling, produce a supersaturated 
solid solution. As another complication, the iron changes 
its allotropic form at about 1310® F (710® C) losing its 
power to hold carbon in solution, and if then the cooling 
is slow, some of the already formed cementite breaks 
down, or decomposes, to precipitate free carbon, which 
assumes the graphitic form, and usually is distributed 
as tiny flakes throughout the metal. The remainder of 
the carbon remains as combined carbon, part of which 
may be present as free or “proeulectoid” cementite, and 
some as pcarlitc, a fine lamellar aggregate of iron and 
cementite (so-called from its resemblance to mother- 
of-pearl). This last component is a microscopically 
laminated structure composed of alternate layers of 
nearly pure iron, called ferrite, and cementite, in the 
proportion of about 7 parts ferrite to 1 part cementite 
(about 0.80 per cent carbon). The proportion is by no 
means constant. The presence of pearlite in cast iron 
usually strengthens it without producing too great an 
embrittling effect. 

Influence of Silicon — ^The silicon content of the iron 
is second only to its carbon content in regard to its ef- 
fectiveness as a means for controlling the properties 
of the castings. As it is increased above 3.5 per cent, 
it makes the iron matrix more and more brittle, forming 
silvery iron, so that it is generally held to amounts be- 
tween 0.5 and 3.0 per cent. Since it tends to throw car- 
bon out of solution, as explained in the discussion of 
carbon in pig iron in Chapter 12, it is used as a “sof- 
tener” in gray-iron castings, as a graphitizing agent in 
malleable castings or castings to be heat treated, and 
to regulate depth of chill in chill castings. With sulphur 
under 0.05 per cent, even one per cent silicon makes it 
difficult to obtain a chill, (an external zone of hard 
cementitic iron without appreciable graphite). Below 
one per cent, the chilling properties are roughly in- 
versely proportional to the silicon present. Its effect in 
increasing the rate of graphitizing the combined carbon 
in white iron for malleable castings is remarkable. In 
a certain casting, for example, raising the silicon from 
0.7 per cent to 1«0 per cent shortens the annealing cycle 
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Fig. 18~-7. Photomicrographs of typical microstructural constituents of cast iron as influenced by heat treatment and 
cooling rate. Sample 1: annealed specimen, showing grapliite flakes in a fine pearlite matrix. Sample 2: “Chilled” 
sample showing ledeburite containing long needles and irregularly shaped areas of iron carbide (cementite; FcaO . 
Sample 3: Annealed specimen; region near chilled surface, showing areas of “chilled” ledeburite and graphite in a 
fine pearlite matrix. Sample 4: Annealed specimen; showing ledeburite and graphite flakes in a fine pearlite matrix. 
White constituent is cementite. All samples etched with picraL Magnifications: Samples 1, 2 and 3, 100 X: Samole 4 
lOOOX. 


from 180 hours to 72 hours. Silicon above 2 per cent 
hardens the matrix of iron solid solution to such an 
extent that machinability is adversely affected. Silicon 
added to white iron until it just turns gray increases the 
toughness by changing massive FeaC to pearlite and 
graphite, but more weakens it by forcing the pearlite 
ratio below 0.80 per cent carbon and increasing the 
graphite. Silicon tends to decrease shrinkage, to prevent 
blowholes, but increases the tendency to growth; silicon 
is oxidized in the cupola or air furnace and excessive 
amounts thus may favor a dirty casting, due to the en- 
trapment of silicate- type inclusions. Silicon, from 1.5 
up to 4.5 per cent, increases the resistance of the iron 
to atmospheric and acid corrosion, and more than 10 
per cent greatly protects the metal from all forms of 
oxidation and from chemical attack. 

Effects of Manganese— As to whether high manganese 
content has an overall good or a bad effect on cast 
iron, there is much difference of opinion, some consider- 
ing it almost as a cure for all troubles and others con- 
demning it as a source of much trouble, especially in 
chilled castings. While it tends to hold carbon in solu- 
tion, iron in which chill is produced by increasing the 
manganese content alone is **soft” and tends to spall. 
In moderate amounts, it is said to prevent cracking of 


the surface and also spalling to some extent, especially 
in chilled rolls, and it may harden the chiU, if other 
conditions are right. It does tend to decrease blowholes, 
increase fluidity, and to neutralize the effect of the 
sulphur present. The amount used in castings varies 
from 0.1 to 2.0 per cent, 0.5 to 0.7 per cent being most 
common. In malleable castings, it is added in proportion 
to the sulphur, and according to the formula, Mn = 
2S *4" 0.15. Held to these proportions, it will be found 
ultimately as MnS and in the cementite, and will not 
prevent graphitization of the cementite while larger 
amounts of maganese tend to stabilize cementite and 
increase growth. In high-grade gray-iron castings, the 
per cent manganese is held between 5 and 7 times the 
sulphur. 

Influence of Sulphur — Sulphur in pig iron is con- 
sidered now to be less injurious than was thought 
formerly. As sulphur, except for special purposes (e.g., 
enhanced machinability), is undesirable in steel, and 
as the blast furnace affords the only positive and eco- 
nomical means of reducing it, pig iron containing less 
than 0.05 per cent is preferable for making steel by all 
the fusion processes. In castings, it is varied from about 
0.04 per cent to 0.20 per cent, though in irons for found- 
ries it will seldom exceed 0.1 per cent. Iron melted in 
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cupolas always takes on sulphur from the coke, the per- 
centage sometimes being doubled. Sulphur with iron 
forms sulphide, which is soluble in the liquid metal and 
has a melting point that is lower than the other con- 
stituents of the iron. This sulphide in iron used for cast- 
ings has a three-fold influence. First, it tends to hold 
the carbon in combined condition, hence, can be used 
to increase the depth of chill in chilled castings, but in 
malleable castings and other castings that are to be heat 
treated, it thus retards graphitization, if it is not fully 
neutralized with manganese, and may be very unde- 
sirable. Chill produced with sulphur may be very brit- 
tle; low-silicon iron containing between 0.2 and 0.4 per 
cent sulphur often cracks when cooled rapidly. Second, 
its low melting point causes it to segregate as the iron 
solidifies, thereby causing the condition in castings 
known as bleeding. Third, it increases the shrinkage of 
the iron to a marked degree, thus increasing the diffi- 
culty of making accurate castings and increasing the 
tendency to form cracks, which are a result of the high 
shrinkage. 

Influence of Phosphorus — Since compounds of phos- 
phorus present in the materials charged into the blast 
furnace are completely reduced, all the phosphorus in 
the raw materials is ultimately found in the metal. 
Therefore, its content must be regulated by proper se- 
lection of raw materials. High phosphorus content 
causes a slight brittleness in pig iron and markedly re- 
duces the total carbon content. Ferrophosphorus con- 
taining about 24 per cent phosphorus is almost carbon- 
less and melts between 2245 and 2310" F (1230 and 
1265" C). The melting point range for the 17 to 19 per 
cent grade is 2426 to 2498* F (1330 to 1370" C). Lesser 
amounts permit a proportionate increase of carbon, so 
that the total carbon in an iron containing 0.20 per cent 
phosphorus may be as high as 4.25 per cent. In this re- 
spect its action is not selective, since the ratio of com- 
bined to graphitic carbon is not affected. Phosphorus is 
known to form a compound, FcsP, with iron, containing 
15.6 per cent phosphorus, but it apparently is able to 
combine or alloy with it in any proportion up to 25 per 
cent. 

In pig iron and cast iron. Stead found that phosphorus 
forms a ternary eutectic solution containing 91.19 per 
cent iron, 6.89 per cent phosphorus, and 1.92 per cent 
carbon, to which Sauveur has given the name steadite. 
The amount formed in pig iron depends upon the phos- 
phorus present, and since steadite has a low fusion point, 
the influence of phosphorus is to lower the freezing 
range of the iron. Another effect is to decrease the 
pearlite, so that more than one per cent phosphorus de- 
creases the strength of the casting rapidly, the maximum 
strength being obtained with 0.25 to 0.40 per cent. For 
uniformly thin castings, such as stove plate and sanitary 
ware that is to be enameled, from 0.55 to 0.75 per cent 
is used with marked benefit to obtain the necessary 
fluidity and good mechanical properties. But in cast- 
ings with thin and thick parts, such as engine blocks, 
these percentages of phosphorus make the thick portions 
porous, so that not more than 0.30 per cent can be per- 
mitted. High phosphorus also increases the shrinkage, 
particularly of the heavier parts, and increases the 
harmful stress-producing shrinkage (called “draw” 
shrinkage) and ^ose making highest type castings gen- 
erally agree that phosphorus above 0.30 per cent tends to 
produce unsound, porous, and brittle castings. Since the 
required fluidity can be had by raising the temperature, 
better results are obtained by lowering the phosphorus 
to 0.12 to 0.20 per cent and increasing the temperature. 
Castings thus made have a closer grain and machine 
better than those made with higher phosphorus content. 


Therefore, this range is recommended as the best for 
general work, including machinery castings of various 
kinds. In general, the resistance of unalloyed cast iron 
to corrosion decreases as the phosphorus content is in- 
creased above 0.05 per cent. 

Effects of Chromium — Chromium occurs only occa- 
sionally, and in traces, in pig iron made from ordinary 
iron ore, but it now is added commonly to iron for high- 
grade castings in amounts from 0.1 to 3.5 per cent. It is 
a carbide-forming element, hence it holds the carbon in 
the combined state, opposes graphitization, decreases 
the tendency for growth, and increases the hardness of 
the matrix. In moderate amoimts of 0.1 to 0.5 per cent, it 
increases the strength, but greater additions are made 
with some increase of brittleness. In high-grade cast- 
ings, it is used mainly to increase the resistance to wear. 
It is used also with other elements, particularly nickel 
and copper, to obtain resistance to corrosion and growth. 
Additions of chromium are made to the iron in the ladle, 
as solid or preferably molten ferrochromium. Its effects 
were early studied and reported by Hadfield in 1892 
(see: Iron and Steel Institute, Vol. II, 1892) . 

Influence of Nickel — Nickel, like chromium, is rare 
in pig iron made from ordinary iron ores; but its use in 
high-grade castings is common, the amount added to 
gray-iron castings varying from 0.10 to 2.50 per cent, 
and to special alloy castings from 5 to 15 per cent. Nickel 
dissolves in the iron, and, like silicon, promotes graphiti- 
zation; but, unlike silicon, it does not graphitize eutec- 
toid cementite (that is, the portion of cementite that goes 
to make up pearlite) and it causes a reduction in the 
size of the graphite plates, giving a “closer grain.” 
Therefore, in the smaller percentages, it is added to 
toughen the iron, prevent formation of massive carbides, 
and increase machinability. For example, one per cent 
added to gray iron, with carbon reduced from 3.50 to 
3.00 per cent and silicon from 1.50 to 1,00 per cent, 
doubles the tensile strength and increases the Brincll 
hardness from 175 to 225, and gives an iron that is 
readily machinable. From 5 to 6 per cent nickel hardens 
the iron and may result in a martensitic matrix, the 
Brinell hardness being 250 to 280. A maximum of about 
360 Brinell is obtained with 10 to 12 per cent nickel; 
while larger amounts, about 12 to 16 per cent, produce a 
distinct type wholly austenitic (except for cementite or 
graphite) and much softer, the Brinell hardness being as 
low as 130 with 18 per cent nickel. In these larger 
amounts, it is used in conjunction with chromium, with 
copper and chromium, or with silicon and chromium, to 
produce various special corrosion- and heat-resistant 
irons. In cupola practice, nickel is added in the form of 
shot to the metal in the ladle; in air- or electric-furnace 
practice, it may be added as pig nickel to the charge in 
the furnace, or in the form of shot in the ladle. Com- 
mercial forms of nickel used for this purpose contain 
some carbon, which should be considered if it is added 
in large amounts. 

Influence of Copper — Copper may occur in pig iron, 
if it is present in the charge. Usually, it is absent. It is 
added to castings in various proportions from 0.10 to 2.00 
per cent in gray-iron castings and up to 7.00 per cent in 
special alloy-iron castings. In the smaller amounts, its 
effects are similar to nickel, decreasing slightly the 
combined carbon, increasing the strength, preventing 
formation of massive carbides, improving machinability, 
and in addition, increasing the fluidity and decreasing 
the shrinkage slightly. Its solubility in iron is limited, 
but is increased by nickel, in conjunction with which it 
is used up to 6i» to 7.0 per cent to produce corrosion- 
and heat-resistant castings. As to its influence on 
graphittzation, one per cent copper is equivalent to 01 to 
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0.2 per cent silicon. In malleabilizing, it may be, there- 
fore, both a hindrance and a help, tending to make the 
iron mottled in casting but shortening the annealing 
time. The strength of malleable iron containing about 
one per cent copper can be increased 2000 to 8000 lbs. 
per sq. in. by precipitation hardening, a treatment usu- 
ally carried out by heating for one hour at 1380“ F and 
reheating for 3 hours at 930“ F. 

Effects of Molybdenum — Molybdenum is rarely found 
in pig iron, but is added in the ladle as ferromolyb- 
denum in cupola practice, or in the furnace as ferro- 
molybdenum or calcium molybdate in air- and electric- 
furnace practice. It strengthens and toughens the metal, 
and is added in amounts of 0.30 to 125 per cent to in- 
crease strength, hardness, and resistance to shock. It is 
credited also with preventing cracking. It does not de- 
crease the shrinkage on solidification, but docs decrease 
slightly the contraction following solidification. Its effect 
upon graphitizalion is slight, and it appears not to affect 
the amount of combined carbon, but docs increase the 
depth of chill when added in amounts of 0.25 to 0.60 
per cent. It increases resistance to wear, hinders graph- 
itization somewhat, has little effect on growth, improves 
the properties at high service temperatures, and pro- 
motes uniformity in mechanical properties as between 
large and small sections. 

Effects of Titanium and Aluminum — Both of these 
elements have been added to cast iron, but only titanium 
is used regularly. Both are reported to promote graphi- 
tization, titanium decreasing the size of the graphite 
flakes. A little titanium, 0.05 to 0.10 per cent, is common 
in pig iron, and its effect appears to be generally bene- 
ficial. The addition of titanium to cast iron is reported 
to impart greater tenacity and resistance to wear. 

Influence of Vanadium — Vanadium has been added to 
cast iron in amounts of 0.10 to 0.15 per cent. It is an ex- 
pensive addition, and its chief effect seems to be that of 
opposing graphitization. 

Effects of Special Additives— Various chemical ele- 
ments other than those discussed above are added to 
iron for casting to effect changes in microstructure, im- 
prove mechanical properties, and so on. Such elements 
may be added singly or in various combinations. A no- 
table instance is that of adding magnesium or cerium 
alloys to iron to produce what is designated as “nodular 
iron;” this practice will be described later in this chap- 
ter imder the heading of “Kinds and Uses of Iron Cast- 
ings.” 

IRON-FOUNDRY MELTING METHODS 

The chapter on pig iron describes the manufacture of 
iron used in the production of iron castings. The pig iron 
for castings may be melted in one of several types of 
furnaces, the cupola, the air furnace or the electric fur- 
nace, though the cupola is the principal source of molten 
metal for iron castings. In the case of certain alloy and 
high' test iron castings, the metal is frequently du- 
plexed; i.e., melted in a cupola and further processed in 
an electric furnace. The open-hearth furnace also has 
been used for melting iron for castings, but its use for 
this purpose is limited. 

The Cupola — The cupola resembles a miniature blast 
furnace. It differs primarily in that pig iron and steel 
scrap replace iron ore in the charge. The cupola is lined 
with fireclay or firestone refractories. Since, in most 
installations, no water cooling is utilized in the melting 
zone, the lining has to be repaired with plastic-fireclay 
patching between periods of operations. In the few in- 
stallations where water-cooling of the melting zone is 
employed, such frequent repair of the li n i n g is not re- 


quired. The charging door is located on the side of the 
cupola near the top. The cupola is supported by legs, 
permitting the use of a drop bottom which facilitates the 
removal of the remaining burden after the last charge 
has been tapped. Intermittent operation is the general 
rule, but continuous operation is possible. 

The charge is composed of coke, steel scrap, iron scrap 
and pig iron in alternate layers of metal and coke. Suffi- 
cient limestone is added to flux the ash from the coke 
and form the slag. The ratio of coke to nietallics varies, 
depending on the melting point of the metallic charge. 
Ordinarily, the coke will be about 8 to 10 per cent of 
the weight of the metallic charge. It is kept as low as 
possible for the sake of economy and to exclude sulphur 
and some phosphorus absorption by the metal. 

During melting, the coke burns as air is introduced at 
a 10 to 20 ounce pressure through the tuyeres. This 
melts the metallic charge and some of the manganese 
combines with the sulphur, forming manganese sulphide 
which goes into the slag. Some manganese and silicon 
are oxidized by the blast and the loss is proportional 
to the amount initially present. Carbon may be increased 
or reduced, depending on the initial amount present in 
the metallic charge. It may be increased by absorption 
from the coke or oxidized by the blast. Phosphorus is 
little affected, but sulphur is absorbed from the coke. 
Prior to casting, the slag is removed from the slag-off 
hole which is located just below the tuyeres. The molten 
metal is then tapped through a hole located at the bot- 
tom level of the furnace. The depth between these two 
tapping holes and the inside diameter of the furnace 
governs the capacity of the cupola. 

The Air Furnace is a type of reverberatory furnace 
somewhat similar to the puddling furnace described in 
Chapter 11. It has a fireplace at one end, the stack at the 
other end, and between them a hearth covered by a roof 
sloping toward the stack. A cross, or “bridge,” wall near 
the stack (the flue bridge) and another next to the fire- 
place (the fire bridge), together with the lining (usu- 
ally of silica sand) form a rectangular basin which holds 
the charge. A removable-bung type of roof is used to 
permit charging large pieces through the top with a 
crane. Coal, fuel oil or gas are used as fuel, the liquid 
or gaseous fuels being preferred. When coal is used, the 
fireplace is constructed and manipulated to serve as a 
crude producer. About 15 per cent of the carbon, 30 per 
cent of the silicon, 45 per cent of the manganese, and 
1 to 2 per cent of the iron of a pig-iron charge are 
oxidized in the air furnace, the exact amounts varying 
with the composition of the charge and the oxidizing 
conditions of the flame. 

The Electric Furnace — ^A description of the arc-type 
electric furnace, which is used to a limited extent for 
melting iron for iron castings, is given in Chapter 16. 

KINDS AND USES OF IRON CASTINGS 

One of the principal reasons for using iron instead of 
steel castings is the fact that cast iron is more resistant 
than cast steel to warping and cracking in the presence 
of heat. There are other reasons for the use of iron cast- 
ings, such as hardness and wear resistance, damping 
effect, corrosion resistance, intricacy of shape and mas- 
siveness of the casting. The various kinds of iron cast- 
ings are; chilled-iron castings, malleable castings, 
alloyed-iron castings, , gray-iron castings, and nodular- 
iron castings. Among the innumerable uses may be 
mentioned pipe, rolls, permanent molds, ingot molds and 
stools, sanitary ware, engine blocks and all kinds of ma- 
chinery parts. A few of the various kinds of iron cast- 
ings, with their compositions, properties and uses, are 
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given in Table 18—111. Further details may be found in 
**Cast IMietals Handbook** published by the American 
Foundrymens* Association. 

Chilled-Iron Castings are extremely hard on the sur- 
face. They are made by melting iron of certain composi- 
tions, and casting the molten metal in such a way that 
the parts to be hardened will be solidified on contact 
with a metal or graphite block capable of abstracting 
heat rapidly and thus causing quick cooling. Chilled- 
iron castings are made of ordinary low-silicon iron and 
of irons alloyed, usually, with nickel and chromium. 
The chilled surface is very hard, and when fractured, 
shows white for a distance beneath the chilled surface 
varying with the rate of cooling and the composition of 
the iron; hence, such irons are commonly spoken of as 
chilled iron. The hardness and the white fracture are 
due to the fact that all the carbon, in the clear chill at 
least, is in combined form, the rapid cooling preventing 
the separation of graphite. In heavy sections, the clear 
chill will extend only a short distance, % inch to 2 inches 
from the surface, where it merges into mottled, then 
into a gray appearance, all these structures being the 
result of varying the rate of cooling. Such castings are 
used for rolls and various other articles which require a 
hard, wear-resisting surface. All three types of furnaces 
are used for melting, depending upon the kind of iron 
and other factors. 

Malleable Castings, while not strictly malleable, are 
soft and can be bent without breaking. They are of two 
kinds, known as white heart, or European, and black 
heart, or American, these terms indicating differences 
in the process and the products and countries of origin. 
As an initial step in making malleable castings, a charge 
consisting of malleable grades of pig iron (10 to 15 per 
cent), steel scrap (35 to 40 per cent), and cast-iron 
scrap, (45 to 55 per cent) , consisting of feeders, runners, 
sprues, and defective castings, may be melted to give 
metal containing 2.25 to 3.00 per cent carbon, 0.3 to 0.50 
per cent manganese, 0.05 to 0.08 per cent phosphorus, 
0.06 to 0.11 per cent sulphur, and 0.60 to 1.15 per cent 
silicon, the exact composition, particularly in regard to 
silicon, being varied according to the thickness of the 
section being made. If the carbon is under 2 per cent, 
graph itization in annealing is slow and if the carbon is 
near 4 per cent, graphite may be formed in casting. To 
prevent the latter occurrence, the silicon is lowered as 
the carbon is increased in a given casting, if the iron 
must bo white all the way through after casting, with 
all the carbon in the combined form. When the iron has 
melted, it is tapped and cast in well-prepared green- 
sand molds, made about Yi inch per foot oversize to 
allow for total shrinkage, or liquid- to-solid contraction. 
When cool, the castings are removed from the molds 
and, unless finish is of no consideration, cleaned by 
tumbling, sand blasting, pickling, or hand scouring. The 
castings next are packed carefully in annealing boxes or 
pots with an oxidizing agent, such as roll scale or 
crushed furnace slag for white-heart castings, or with 
nonoxidizing materials such as blast-furnace slag, fine 
sand, etc., for black-heart castings. The packed castings 
then are placed in an annealing furnace and heated 
gradually to about 900® C (1650® F) for white-heart 
castings or to near 871® C (1600® F) for black-heart 
castings. The former are held at this temperature 3 to 
5 days, during which time the iron carbide is eliminated 
almost completely by a process of migration and surface 
oxidation of the carbon to CO or COa, leaving a metal 
similar to soft steel but of much coarser grain and less 
ductile. Since the migration of the carbon is very slow, 
only thin castings can be decarburized successfully or 
“malleableized** by this process. Black-heart castings 
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are treated by an “annealing cycle,** requiring about 
30 hours for heating to temperature, about 45 hours 
holding at temperature, 30 to 35 hours for cooling to and 
holding at 650* C (1205* F) and 5 hours for cooling to 
handling temperature. In this cycle, the combined car- 
bon is completely graphitized, causing the casting to 
grow slightly and leaving the iron as ferrite. But instead 
of forming plates, the graphite is dispersed in a very 
finely divided form known as temper carbon, which, 
under the microscope, is seen as black spots distributed 
in haphazard fashion throughout the metal except near 
the surface of the casting where the metal may bo partly 
or wholly decarburized. Thoroughly malleableized cast- 
ings have a yield point of about 27,000 lbs. per square 
inch, and a tensile strength of about 45,000 lbs. per 
square inch. Some standard specifications require a 
yield point of more than 32,000 lbs. per square inch 
(32,500 and 35,000 minimum for two grades) , and a ten- 
sile strength of more than 50,000 lbs. per square inch 
(50,000 to 53,000 minimum for two grades) . The modulus 
of elasticity is about 25,000,000 lbs. As to ductility, stand- 
ard specifications require a minimum elongation of 10 
to 18 per cent in 2 inches. Castings that have been 
malleableized are immune to growth. 

Alloyed Castings — ^Alloyed irons are used most ex- 
tensively for applications where resistance to wear, to 
heat (including growth), and to corrosion, along with 
the high strength of the alloyed iron, rigidity, “damping** 
of vibrations and amenability to heat treatment are of 
prime importance. They are produced and used exten- 
sively by the steel industry but are used most widely 
by the automotive industry for purposes where the 
above properties are a requirement. The alloying ele- 
ments used are silicon, nickel, chromium, molybdenum, 
copper and titanium, in amounts varying from a few 
tenths to 20 per cent or more. They may be classed as: 
(1) low-alloyed gray-iron castings, (2) high-alloyed 
gray-iron castings, and (3) austenitic alloy castings, the 
latter containing sufficient alloying elements to hold the 
iron in the austenitic condition. These are used for re- 
sistance to corrosion, both atmospheric and chemical; 
for resistance to heat, including oxidation and growth; 
and for their high thermal coefficient of expansion. 
Many of these irons are patented compositions and are 
sold under various trade names, such as Ni-resist, 
CaUvSal metal, Silal, Ni-crosilal, etc. 

Gray-Iron Castings — Gray-iron castings are made of 
pig iron, of mixtures of pig iron and steel, or of mixtures 
of pig iron, steel and other metals in smaller amounts, 
and have been referred to as semi-steel, high- test iron, 
and alloy iron. They are frequently sold under trade 
names, such as Meehanite, Gunite, Ermalite, Ferrosteel, 
Gun-iron, etc. Chemically, gray-iron castings include a 
large number of metals covering a wide range in com- 
position, with carbon varying from 2 to 4 per cent, and 
silicon from 0.5 to 3 per cent, with small amounts of Ni, 
Cr, Mo, and Cu frequently added. Grouped according 
to uses, they include (1) pipe-foundry castings, (2) 
sanitary ware, (3) automotive castings, (4) locomotive 
castings, (5) light machinery, (6) heavy machinery, 
(7) miscellaneous shapes. 

Mention has been made of the use of cast iron for 
ingot molds and stools. If available, molten iron direct 
from the blast furnace may be used instead of cupola 
iron because of its lower cost and high percentage of 
graphitic carbon. In some cases where iron direct from 
the blast furnace is not available, cupola iron is used for 
this purpose; however, studies invariably indicate that 
blast-furnace iron produces a mold with longer life 
than those produced with more refined cupola iron. The 
composition of the iron, pouring temperature and their 
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relation to ingot-mold and stool life require consider- 
able study; however, the consensus of opinion of mold 
makers in this country indicates that the composition 
should be about as follows: 

Silicon 125 to 1.75% 

Phosphorus 0.120 to 0.140% 

Sulphur 0.035 to 0.050% 

Manganese 1.00 to 1.40% 

A casting temperature of 2300® F to 2350* F is desirable. 

Pipe-foundry castings include cast-iron pipe and 
fittings. A great part of cast-iron pipe now is cast cen- 
trifugally from ordinary iron containing less than 0.1 
per cent sulphur, imder 0.9 per cent phosphorus, with 
carbon and silicon controlled to give the required me- 
chanical properties. When not centrifugally cast, the 
molten metal is poured into cored dry-sand molds sup- 
ported in a vertical position, those 18 inches or more in 
diameter being cast with the hub end down. 

Nodular-Iron Castings— Nodular iron, also called 
ductile iron and spheroidal graphite iron, is a relatively 
new grade introduced around 1948; it has been used for 
castings having sections from inch up to 40 inches 
Uiick. It is produced by treating molten iron that nor- 
mally would produce a soft, weak, gray iron casting 
with cerium or magnesium alloys. The addition of these 
special alloys results in castings which have the carbon 
present in spheroidal form. Castings so made have 
relatively high strength and better ductility than ordi- 
nary gray iron. Pearlitic nodular irons have a tensile 
strength in excess of 80,000 lb. per sq. in., with an 
elongation of at least 3 per cent, while ferritic grades, 
having tensile strengths of over 60,000 lb. per sq. in., 
will show an elongation of from 10 per cent to 25 per 
cent. For economy, iron having a sulphur content below 
about 0.15 per cent is required for the process. Several 
types of matrix structures can be developed by alloying 
or heat treatment; the pearlitic and ferritic matrices 
were mentioned above. As this type of iron has been 
discussed extensively in recent literature, no further 
details will be given here. 

IRON-FOUNDRY MOLDING AND 
CASTING PRACTICE 

Molding practice for iron castings is somewhat similar 
to that already described for steel castings in Section 1 
of this chapter, the chief differences being in the prepa- 
ration and types of sand and the placement and size of 
gates and risers, the latter being modified by reason of 
the lower shrinkage in cast iron. 

The scope of this book does not permit more than a 
brief description of the casting of iron castings. The metal 
is cast in one of Hve types of molds: namely, (1) green- 
sand molds, made of moist sand which is rammed about 
a pattern (usually of wood) in a **flask” of wood or iron, 
and the metal is poured with the mold in the condition 
as rammed; (2) dry-sand molds, made up like green- 
sand molds, but dried before they receive the metal; 
(3) loam molds, made up of loam (a kind of low-grade 
sand) which, for heavy castings, is backed with brick 
and faced with other more refractory material; (4) per- 
manent molds or semi-permanent molds, which have 
become more and more popular for certain applications; 
and (5) shell molds which are a recent development. 

The permanent mold is a cast-iron or graphite mold 
into which the molten iron is poured. The semi- 
permanent mold is built up of cast iron and sand, the 
latter having to be replaced after use. In both the latter 
cases, the molds are prepared with a graphite coating 
and warmed to 150 to 200* F before the hot metal is 


poured into the mold. Shell-molding techniques are 
described in numerous recently published articles and 
papers and will not be discussed in detail here; briefly, 
shell molds are made by applying a coating of sand 
mixed with a synthetic resin or other suitable binder to 
a prepared pattern and then “curing” the coating by 
heating to form a solid shell that can then be stripped 
from the pattern. Shell molds are used in the production 
of steel and nonferrous castings, as well as iron castings. 

TESTING OF CAST IRON 

The tests most commonly employed for gray cast iron 
are the tension test, transverse load and deflection 
(measured bend) test, and hardness (Brinell and file) 
tests. In making tension tests, standard test specimens 
are machined from a standard cast test bar, and “pulled” 
in a tensile-testing machine until the piece breaks, the 
load calculated to pounds per square inch being taken 
as the tensile strength. In short-time tension tests, most 
grades of cast iron show no point corresponding to the 
yield point of steel and very little, if any, elongation or 
reduction of area. The form of specimen used for mak- 
ing tensile tests is somewhat different from that used 
for testing steel. There are three standard sizes; viz., 
0.505 inch, 0.750 inch, and 1.25 inches in diameter (at the 
center), the diameter being varied with the thickness 
(and design) of the castings they represent. As stand- 
ard specifications do not require the measurement of 
elongation but only the tensile strength, specifications 
covering the lengths of specimens merely state that the 
affected test length shall not be less than the diameter. 
The tensile strength varies: (a) with the diameter of 
the test bar, being higher for bars of smaller diameter 
and lower for bars of greater diameter; (b) with the 
temperature above 250* F, being almost constant up to 
600* F and decreasing rapidly above 800* F; and (c) 
with the time after casting, most castings increasing in 
strength with age. This change is attributed to relief 
of casting strains, which may be relieved also by tum- 
bling and by heat treatment. The relief of strain by 
aging is called seasoning. 

Transverse testing consists of placing a standard bar 
upon supports 12, 18, or 24 inches apart, then either ap- 
plying a specified load and noting the deflection, which 
is measured in inches, or of loading until deflection oc- 
curs and then gradually increasing the load till the 
specimen breaks. With the latter procedure, the modulus 

p T C 

of rupture is found from the equation M R = —pi — 

where M R = modulus of rupture, L = distance between 
supports in inches, S = the breaking load, and D =: the 
diameter of the test bar. 

In the Brinell hardness test, a special machine is used 
to apply a load of 3,000 kg. to a steel ball 10 mm. in 
diameter, resting on a filed-smooth surface of the iron 
to be tested. The Brinell number is taken as the quotient 
of the load divided by the area of the impression made 
by the ball. Thus, small numbers up to 100 indicate 
softness, while high numbers (400 to 600) indicate great 
hardness. 
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Chapter 19 

PLASTIC DEFORMATION OF STEEL 


SECTION 1 

INTRODUCTORY 


In discussing the subject of plastic deformation in a 
book of this nature, it is necessary to point out that it is 
possible to consider only tlie major aspects of this very 
complex and very important behavior of metals. There 
is a voluminous literature on the subject to which re- 
course should be had it any extensive study of the sub- 
ject is contemplated. The contents of this chapter are 
intended to serve as an elementary introduction to some 
of the concepts that are useful in understanding how 
solid metals can be worked to change their shape into 
useful articles. 

The process of shaping steel by casting (pouring the 
molten metal into suitable molds where it is allowed to 
solidify in the desired form) was described in previous 
Chapter 18. The very large majority of the steel pro- 
duced, however, is processed by forging, rolling, or other 
forms of mechanical working, to give it the desired 
shape. Steel so worked is called wrought steel. The nu- 
merous means of working involved in shaping steel are 
categorized as mechanical treatment. The present chap- 
ter will briefly discuss some of the properties and char- 
acteristics of steel that enable it to undergo a change of 
shape without rupturing, and will summarize the prin- 
ciples of the more important methods used to shape steel. 
More detailed discussions of most of the methods will 
appear in subsequent chapters. 

Objectives of Mechanical Treatment— The primary 
objective of mechanical treatment, then, is the produc- 
tion of wrought steel in shapes and sizes that adapt it to 
specific end uses. It is a fortunate circumstance that the 
operations involved in the mechanical shaping of steel, 
if properly performed, result in the attainment of a sec- 
ond objective— that of improving the quality of the steel 
by altering its mechanical and physical properties. 

All wrought steel originates in the form of ingots. 
Ingots, as described in the next chapter, are large cast- 
ings of relatively simple shape which possess certain 
inherent weaknesses and defects. These shortcomings 
can be eliminated, to a great extent, through proper 
mechanical treatment as the metal is reduced, through 
successive stages of working, into finished products. The 
amount of work performed, the rate at which it is car- 
ried out, the temperature of the steel while being 
worked, and the rate at which it cools to ordinary tem- 
perature after working, all affect the ultimate properties 
of the finished wrought-steel products. 

Crystalline Nature of Steel— Solid steel is crystalline 
in nature; that is, it is made up of innumerable allotrio- 
morphic crystals called grains. The grains possess all of 
the characteristics of true crystals except the regularity 
of external shape associated with perfect (idiomorphic) 
crystals. Some of the properties and the structure of 
crystals were discussed in Chapter 2 under “Crystallog- 
raphy.” 


Elasticity and Plasticity— It was stated in Chapter 2, 
and is elaborated in Chapter 49, that steel, when sub- 
jected to loads under the elastic limit, will be deformed 
by an amount proportional to the load. However, when 
the load is removed, the steel will resume its original 
shape and dimensions, and no permanent distortion oc- 
curs. This restorative ability is called elasticity. 

If, however, the metal is subjected to loads or forces 
exceeding the elastic limit, permanent distortion will 
take place. Between the elastic limit and the load that 
causes actual rupturing of the steel, the metal “flows” 
under load in an attempt to adjust itself to the imposed 
forces. This ability to react to imposed loads above the 
elastic limit by changing shape permanently without 
rupturing is referred to as the pla.sticity of steel, and the 
mechanism by which shape is altered without rupture 
is called plastic deformation. 

Mechanism of Plastic Deformation— The ability of 
solid metals to behave in a plastic manner is related to 
their crystal structure. Elastic behavior may be con- 
ceived as representing simple distortion of the crystal 
lattice under load; when the load is removed, the lattice 
is restored to its original dimensions. However, when 
plastic deformation occurs, the crystals themselves are 
distorted. A simplified explanation of how such perma- 
nent distortion can occur without actually rupturing the 
crystals is as follows: 

The locations of atoms in the crystal lattice define 
certain planes along which parts of each crystal can be 
displaced in relation to adjacent parts without rupturing 
the crystals. These displacements result in permanent 
deformation of the crystals. The planes along which dis- 
placements (called “slip”) can occur lie in definite di- 
rections related to the crystallographic axes of each 
crystal, and arc limited in number. The effect of plastic 
deformation on metals at ordinary temperatures will be 
considered first. 

Strain Hardening— It is an interesting fact that slip 
can occur only to a definite extent along any one plane. 
Any further deformation of a crystal must take place 
through slip on other planes within that crystal. Even- 
tually, if stress above the elastic limit is applied, either 
continuously or in a succession of applications, all pos- 
sible slip will have occurred on the available planes, and 
any additional application of sufficient stress will rup- 
ture the crystal instead of deforming it further. Each 
increment of slip in its crystal system reduces the ability 
of a metal to deform further plastically, and is reflected 
in a change in the properties of the metal. In general, 
the yield strength, tensile strength and hardness of the 
metal are increased, while the ductility is decreased— 
all to a degree proportional to the amount of plastic 
deformation that has occurred. This phenomenon is 
called strain hardening, and metals which have been 
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strain hardened contain internal stresses resulting from 
deformation. 

Recovery — ^In some metals which have been strain- 
hardened, the metal atoms possess sufficient mobility 
at ordinary temperatures to move about (through a 
mechanism called diffusion) and assume positions that 
eventually tend to relieve the internal residual stresses. 
This phenomenon is called by the scientific name of 
recovery. Among the more common metals at ordinary 
temperatures the rate of recovery is so slow that it has 
little practical significance. By heating mechanically- 
worked metal, the rate of recovery can be increased 
many-fold, and most of the residual internal stresses are 
eliminated in a comparatively short time. 

Recrystallization — If mechanically worked strain- 
hardened metal is heated to higher and higher tempera- 
tures, a temperature level is reached where a second 
process — quite different from recovery— occurs. This is 
called recrystallization, and results in the complete re- 
arrangement of metal atoms to form an entirely new set 
of crystals, and elimination of the strain -hardened con- 
dition. 

The greater the degree of prior plastic deformation, 
the larger will be the amount of stored energy of 
distortion in the metal, and the lower will be the tem- 
peratures at which recrystallization begins. 

Hot Working and Cold Working Defined — From the 
foregoing, it is evident that if a metal was worked me- 


chanically at a high enough temperature, any strain 
hardening that occurred during working would be elim- 
inated almost instantly before the metal cooled to ordi- 
nary temperatures. On this basis, hot working is defined 
as permanent deformation of a metal at temperatures 
such that no strain hardening is evident in the wrought 
metal after it cools to room temperature. Cold working, 
conversely, leaves the metal in the strain-hardened con- 
dition. In the case of steels, the effects of cold working 
can be removed entirely by heat treatment (see Chap- 
ters 34, 40 and 42) . 

In either hot working or cold working, if stresses of 
a sufficient magnitude to change its shape are applied to 
a piece of steel, its over-all change in dimensions rep- 
resents the aggregate of the tiny displacements which 
occurred in individual crystals making up the piece. 

Actually, as stated in the section on “Crystallography” 
in Chapter 2, the simplified mechanisms described above 
are complicated by many factors which cannot be dis- 
cussed in detail here. 

Many theories have been advanced for estimating the 
strength of the facilities and the power required for the 
plastic forming of steel, but no one of them has as yet 
been demonstrated to be completely valid. The chief 
reasons for this situation seem to be the lack of physical 
data for evaluating the deformation resistance of steel 
and the friction coefficients which obtain under the con- 
ditions of actual operations. 


SECTION 2 


HOT WORKING AND ITS EFFECTS 


The upper temperature limit for the hot working of 
steel depends upon the carbon content (for plain carbon 
steels) because hot working must be carried out at a 
safe temperature below the melting point of a given 
steel. The upper limit for starting hot work may be con- 
sidered to be between 2300® and 1950®F, the higher tem- 
peratures being used for steels of the lower carbon 
contents. At such temperatures, the steel is composed 
entirely of austenite (see Chapter 42). 

The chief benefit derived from proper hot working of 
steel is the refinement of its grain structure. In the case 
of ingots, hot working also welds unoxidized cavities 
shut, tends to eliminate porosity if it exists in the center 
of an ingot, and tends to lessen segregation. 

During hot working, the metal crystals (grains) are 


deformed or fragmented, and a strained condition is set 
up in the steel. The relatively great mobility of atoms 
at hot- working temperatures permits the strained condi- 
tion to be relieved by the formation of new small grains 
of austenite from the deformed, fragmented crystals 
either during or immediately after hot working (Figure 
19 — 1) . The new grains grow in size at a rate which is 
greater the higher their temperature and the longer the 
time they have to grow at that temperature. The new 
small grains are equi-axed and are randomly oriented. 
As tile hot-worked steel cools to room temperature, it 
passes through the critical temperature range (Chapter 
42) and a new crystal structure is produced through 
allotropic transformation. 

Without discussing the somewhat complex effects of 



Fro. 19—1. Diagrammatic representation of the combined effects of the mechanisms of 
hot rolling and recrystallization on the grain structure of steel. (Grain size is shown much 
exaggerated for clarity.) 
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working steel in the critical temperature range, and the 
resulting microstructures, the lower critical temperature 
may be stated to be the practical lower limit for hot 
working plain carbon steel, regardless of its carbon con- 
tent. In the case of alloy steels, the alloying elements 
affect the Iransfonnation temperatures, and their effects, 
along with other factors, will establish the proper mini- 
mum finishing temperature. 

Finishing Temperature— Hot work is usually per- 
formed in a succession of steps, such as a series of passes 
in rolling or a series of blows or squeezes by a hammer 
or press. The more frequent the applications of pressure 
and the lower the temperature at which they occur (but 
still above the lower critical temperature), the smaller 
the grain size will be at the completion of hot working. 
The more frequent the pressure applications, the less 
time the new grains have to grow between successive 
workings. The lower the finishing temperature at which 
the working is completed, the slower the new grains will 
grow. Also, the greater the amount of hot work, the 
finer will be the ultimate grain size. The best mechani- 
cal properties can be expected from steel having a fine 
(small) grain size. 

If the temperature at which hot working is begun 
could always be selected so that the piece would be 
finally shaped when it reached the lower critical tem- 
perature, the steel would have the minimum grain size 
and the best possible mechanical properties obtainable 
by hot working and still be in an unstrained condition. 
In actual practice, shapes of large size or great intricacy 
require a high degree of plasticity obtainable only by 
starting hot working at a high temperature in order that 
tlie metal will flow or work with relative case without 
requiring excessive amounts of power for working or 
too long a time for effecting the desired shaping. Under 
such conditions, working is usually completed at tem- 
peratures well above the lower critical temperature. 
Discrimination is required to establish heating and 
working schedules for hot working that will give the 
steel its best properties within practical economical and 
metallurgical limits. 

Fiber and Banding — ^Even after hot working, when the 
microscopic grains have become entirely recrystallizcd, 
there still persists in the hot-worked piece a certain 
elongated structure, which affects the mechanical prop- 
erties in some degree. This elongated structure has its 
origin in two features of the ingot structure. One feature 
is the presence of microscopic foreign matter or par- 
ticles, called non-metallic inclusions; it is impossible to 
produce steel absolutely free from these inclusions. Such 
inclusions (or regions of inclusions) are elongated as 
the steel is worked, and result in a condition sometimes 
called fiber. In practically all rolled steel, or any steel 
hot- worked principally in one direction, the mechanical 
properties (especially the ductility) in the direction of 
working are different from those in a perpendicular di- 
rection. Thus, if a tension test is made in the longitudinal 
direction (that is, parallel to the direction of rolling or 
working) the elongation of the test piece (before rup- 
ture) will be greater than when the test is made trans- 
versely (perpendicular to the direction of rolling or 
working). This “directional” phenomenon is thought to 
be associated with fiber. Another appearance thought to 
influence the directional behavior is banding. This is the 
second phenomenon inherited from the ingot. If a rolled 
product (e.g., a bar or a plate) is cut longitudinally, and 
this section is examined with a microscope, the banded 
structure, if present, will be seen to consist of a myriad 
of bands parallel to one another and parallel to the di- 
rection of rolling. They are due to slight differences in 
chemical composition from edge to center of each band. 
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These slight differences in composition had their origin 
in the solidification process in the ingot, inasmuch as 
each grain in the ingot shows such differences. Hie 
grains in the original ingot were by no means elongated 
and parallel, but became so because of the rolling. The 
spontaneous recrystallization which occurs in hot rolling 
is unable to affect these minute chemical segregations, 
which therefore remain in the banded condition. The 
banded condition is believed to contribute to the direc- 
tional phenomenon in mechanical properties, described 
above. The directional differences arc found not only in 
the tension test, but also commonly in the notch-impact 
test. 

PRINCIPAL METHODS FOR 
HOT WORKING 

The principal methods of forming steel by hot work- 
ing are hammering, pressing, rolling and extrusion. Hot 
working by the first two methods is called forging. 

Forging may be performed under hammers, in me- 
chanical presses and upsetters or by a method known as 
roll forging. Pressing generally includes the manufac- 
ture of forged articles in hydraulic presses. Extrusion 
usually is performed in hydraulic presses which force 
the hot plastic steel through a die. Rolling is performed 
in rolling mills of a variety of types described in detail 
in various other chapters. The present discussion will 
be limited to general descriptions of the various types of 
hot- working equipment and some of the principles of 
their operation. 

Hammering— Hammering was the first method em- 
ployed by man in shaping metals. The first forging was 
done by hand hammers wielded by workmen. 

The first known power hammer, called a lilt hammer, 
was built in England. It was driven by water power 
and consisted of a beam of wood, hinged at one end and 
provided with an iron hammer head or die at the op- 
posite end. At an intermediate point between the hinged 
end and the free end carrying the hammer head, cams 
on the revolving shaft driven by the water wheel alter- 
nately raised the free end and allowed it to fall upon 
an anvil or die fixed upon a suitable foundation. This 
was a crude tool compared to the steam hammers now 
used. 

The first steam hammer was built in France during 
1842. It consisted of a two-piece frame, constructed so 
as to support a vertical steam cylinder, fitted with a 
piston and piston rod, directly over a die or anvil. To 
the piston rod of the steam cylinder was attached a tup 
or hammer head. By admitting steam to the cylinder 
below the piston, the hammer was raised for any desir- 
able length of stroke and then allowed to drop upon the 
work piece supported on the anvil or bottom die. 

In order to increase the striking force of the steam 
hammer above that derived from gravity alone, there 
was developed the double-acting steam hammer, in 
which steam can be admitted above the piston also and 
employed both on the downward stroke as well as for 
lifting the tup. This type of hammer is illustrated in 
Chapter 32, relating to the forging of axles. The first 
double-acting steam hammer was built at Midvale, 
Pennsylvania, in 1888. 

A variety of other types of forging equipment employ- 
ing the impact principle for forming hot steel have been 
developed but cannot be described here. Descriptions 
are available in reference works listed at the end of this 
chapter. 

Pressing— The hydraulic forging press is ^ English 
invention dating from the year 1861. It was introduced 
into the United States about 1887. It consists (see Figure 
19—2) essentially of a hydraulic cylinder supported by 
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Fig. 19—2. Hydraulic 
press in operation, forg> 
ing a massive ingot sup- 
ported on a porter bar 
which, in conjunction 
with the link-chain sup- 
port, permits manipula- 
tion of the ingot as 
desired. 


two pairs of steel columns which are anchored to a 
single base casting of great weight and strength. The 
piston or ram of the cylinder points vertically downward 
and carries the upper forging die, which is directly 
above a stationary die resting on the base casting to 
which the columns are attached. By admitting, water 
under high pressure to the cylinder at its top, the ram 
carrying the upper die is forced down upon the material 
to be forged, which rests upon the lower forging die. 
Small auxiliary cylinders lift the ram after each applica- 
tion of pressure. 

The pressure, which must be very high if the forging 
press is to do effective work, is increased gradually and 
maintained until the metal yields. In practice, it has 
been found that the lowest pressure that can be effective 
in shaping steel at a full forging heat is about 1.2 tons 
per square inch, but the pressures employed in actual 
work often will exceed 13 tons per square inch. 

Extrusion — The hot-extrusion process consists of en- 
closing a piece of metal, heated to forging temperature, 
in a chamber called a “container” having a die at one 
end with an opening of the shape of the desired finished 
section, and applying pressure to the plastic metal 
through the opposite end of the container. The metal is 
forced through the opening, the shape of which it as- 
sumes in cross-section, as the metal flows plastically 
under the great pressures used. 

The equipment and metliods for carrying out one type 
of hot extrusion are described in detail in Chapter 41. 

Mechanical Forging — ^Many hot forgings are produced 
on mechanical presses. In machines of this type, pres- 
sure is applied to a vertical ram (carrying the upper 
forging die) through a connecting rod from a crank- 
shaft. The heated work piece rests on the bottom die. 
The stroke of such a press is limited to the “throw” of 
the crankshaft. 

Upsetting— A special type of mechanical press is the 
upsetting machine, in which the piece to be shaped is 
clamped between two dies with vertical faces and 


shaped by the action of a tool on a ram operated by a 
crankshaft. The ram of the upsetting machine operates 
with a horizontal, instead of vertical, stroke. 

Hot Rolling — Of all the known methods of shaping 
steel, tliat of rolling, as introduced by Henry Cort in 
1783, has come to be employed the most extensively. 
Though Cort is credited rightly with being the “father 
of modern rolling”, because of his successful develop- 
ment of mills employing grooved rolls, the use of this 
principle in shaping metal antedates his mill by many 
years. There are recox ds, for example, to show that in 
the year 1553, rolls were employed in France to produce 
sheets of uniform thickness for the stamping of gold 
and silver coin. In Sweden, rolls were employed to pro- 
duce certain sections prior to the year 1751, and even at 
that time the assertion was made that as many as twenty 
times more bars could be reduced in a given time than 
could be shaped under the tilt hammer of those days. 
From the days of Cort to the present time, the rolling 
mill has passed through a rapid process of development, 
not only in the size, power and productive capacity of 
mills, but also in their design and in the increasing 
variety of shapes of sections that can be produced. 

Mechanical Principle and Effects of Rolling — ^The 
process of shaping steel by rolling consists essentially 
of passing the material between two rolls revolving at 
the same peripheral speed and in opposite directions, 
i.e., clockwise and counterclockwise, and spaced so that 
the distance between them is somewhat less than the 
height of the section entering them (Figure 19 — 3). 
Under these conditions, the rolls grip the piece of metal 
and deliver, it, reduced in cross-sectional area and in- 
creased in length. The extent of sideways or lateral 
spreading (called spread) is found to depend mainly 
upon the amount of reduction and the shape of the cross 
section entering the rolls; thus, in rolling plates of con- 
siderable width, the actual total spread is independent 
of the width, and actually may be less than that result- 
ing from the first pass in the reduction of small, square 



PLASTIC DEFORMATION 



Fig. 19—3. Diagram illustrating the action of plain rolls upon a piece of hot, plastic steel 
of originally square cross-section. 


billets, especially if the percentage reduction in cross- 
sectional area of the latter is great. 

The turning of the rolls in contact with the work in- 
troduces a frictional force which acts along the arcs AB 
and A'B' of Figure 19 — 3, and is proportional to the pres- 
sure between the rolls and the piece. This pulls the work 
into the opening between the rolls, against the wedging 
action of the tapered section entering the rolls. The 
piece is delivered at a higher speed than the roll-surface 
speed; it enters at a velocity lower than the roll-surface 
speed. The ratio of the speed with which the work leaves 
the rolls to the surface speed of the rolls themselves is 
called the forward slip. Evidently, there must be some 
point between A and B and A* and B' where the speed 
of the bar is equal to the roll-surface speed. This point, 
indicated on the drawing by N and N', is called the neu- 
tral point, which coincides with the point of maximum 
pressure. The arc AB is called the contact arc, and its 
including angle OAB the contact angle or rolling angle. 
When this angle is the maximum at which the piece will 
enter (without pushing), it is called the angle of bite. 
The area of steel under the contact arc is called the 
contact area, which is projected to show the spreading 
that may occur. 

Effects of Work Temperature — The effects of rolling 
with respect to changes in physical dimensions of the 
piece are influenced very markedly by the temperature 
of the piece being rolled with respect to both degree and 
uniformity of heating. Additional plasticity imparted to 
steel by relatively slight increases in temperature les- 
sens the power required for rolling and increases the 
ease with which it can be made to flow plastically in 
the desired directions. Chemical composition of a par- 
ticular steel and the nature of the rolling operation to 
be performed may limit, respectively, the maximum and 
minimum rolling temperatures that are applicable. 

Effects of Roll Diameter — Small diameter rolls require 
less force than rolls of larger diameter to effect a given 
reduction. Advantage is taken of this fact in four-high 


and other mills employing small- diameter work rolls 
backed up by heavier rolls tliat prevent the smaller rolls 
from bending. Small rolls lessen the separating force 
for two reasons: first, the area of contact is less so that, 
with a given pressure, the total force required is less; 
and second, the required average pressure is less be- 
cause the smaller area of contact reduces the total fric- 
tional forces. 

Miscellaneous Hot -Working Methods— Rotary swag- 
ing is performed to taper the end of bars, wires and 
tubes. The machine in which the work is done has two 
or four shaped dies, in opposing pairs, suitably mounted 
in a rotating ring. As the ring rotates, alternate pairs 
of dies are forced against the metal being swaged, the 
resultant pressure shaping the piece. Such a machine 
is illustrated in Chapter 41 (Figure 41 — 40). 

In hot spinning, which is limited to shapes symmetri- 
cal about the spinning axis, the heated piece to be shaped 
is mounted in a lathe or similar machine that can rotate 
it rapidly. A tool is then brought to bear against the 
spinning piece and, by manipulating the position and 
pressure of the tool, the work piece can be shaped. For 
example, bowl-shaped sections, such as flanged and 
dished heads, can be formed from flat, circular plates 
by spinning. 

Many steel parts are formed hot from plates and sheets 
by hot deep-drawing operations that would be imprac- 
ticable if the material were at room temperature. Roof 
ribs for railroad box cars, one-piece gates for hopper 
cars, deep bowls, etc., are typical. The heated steel is 
formed in hydraulic or mechanical presses equipped 
with forming dies that produce the desired shapes. An- 
other example is the manufacture of closed-end 
cylinders by a combination of hot cupping and drawing 
operations, described in Chapter 41. 

Roll forging, die rolling, and other hot-forming proc- 
esses of limited use have not been included in the fore- 
going descriptions. Reference to these processes can be 
found in various handbooks. 
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COMPARISON OF METHODS 
FOR HOT WORKING 

It is a very difficult matter to make a fair comparison 
between rolling and forging, or even between hammer 
and press forging. Each method has a field of its own 
with rather well-defined boundaries. Many irregular 
shapes are so intricate in design that rolling or extruding 
them is out of the question, and such shapes must be 
formed under the hammer or in the press. Certain 
crankshafts or a claw-hammer head serve as examples 
of these classes of shapes, which can be produced by no 
other form of mechanical working than by the forging 
method. 

Tonnagewise, the hammer and the press are both 
slower and more expensive to operate than rolls. Spe- 
cial care must be given to all phases of the forging op- 
eration, including heating for forging. It is, perhaps, this 
meticulous care required to produce high-quality forg- 
ings that has given rise in some quarters to the belief 


that forged articles always are superior to rolled ar- 
ticles. Assuming that a given section can be produced 
by either rolling or forging, and that an equivalent 
amount of attention is given to all details of both proc- 
esses with regard to heating, proper speed and amount 
of reduction, etc., the quality of rolled material can be 
equal to that of forged product. 

With the complex stress-strain relationships involved 
in plastic deformation in hot working, and the basic 
differences in the nature of the major hot- working proc- 
esses, direct comparison is difficult. However, studies 
have shown that the effects of rolling and pressing are 
comparable, provided equipment for carrying out both 
processes is of comparable capacity and the same sized 
pieces are being worked. 

Rolls have the distinct advantage of speed of produc- 
tion where the shapes involved are of a nature suited to 
rolling. There is one field of operation in which rolling, 
hammering and pressing all can be applied; this is the 
shaping of blooms and billets from ingots. 


SECTION 3 

COLD WORKING AND ITS EFFECTS 


In contrast to hot working, the effect of the cold work- 
ing of steel by rolling, drawing or other means, is evi- 
denced by changes in the physical structure of the ma- 
terial by grain distortion and is accompanied by changes 
in the mechanical properties due to strain hardening. 
Cold working, generally applied to bars, wire, tubes, 
sheet and strip, is a process of reducing the cross- 
sectional area by cold rolling, cold drawing, or cold ex- 
trusion. Cold working is employed to obtain the follow- 
ing effects: improved mechanical properties, better ma- 
chinability, special size accuracy, bright surface, and 
the production of thinner gages than hot work can ac- 
complish economically. The present brief discussion will 
be supplemented in later chapters by discussion of 
methods and effects of cold working various steel-mill 
products. 

Steel cold worked in the temperature range between 
about 400® and 750 ®F may become brittle and difficult 
to work. This temperature range is called the “blue- 
brittle range,” a name given it by early metalworkers 
because steel with a clean surface heated in that range 
assumes a blue color due to oxidation. 

A special technique called “warm working” is de- 
scribed in Chapter 41. 

While steel can be cold worked at temperatures just 
below the lower critical temperature, better control of 
grain size, surface condition and dimensions can be ef- 
fected by working at atmospheric temperatures. 

The over-all effect of cold work on steel is to increase 
its strength and hardness and to decrease its ductility 
(see Chapters 34 and 40). If steel is cold worked in a 
series of steps, each succeeding deformation increases 
the hardness until a point is reached where either no 
further deformation can be effected with the forces that 
can be exerted by the available cold-working equip- 
ment, or the steel will rupture if excessive force is 
applied in an effort to obtain further deformation. 
Proper heat treatment will restore the plasticity of the 
steel so that further cold working can be performed if 
necessary (see Chapters 34 and 40). 

If cold working is carried out in one direction only, 
as in cold rolling sheets or cold drawing bars or wire, 
the cold-worked steel is stronger in the direction of 
working than at right angles to it. 


PRINCIPAL COLD-WORKING METHODS 

Cold Rolling — Cold working by cold rolling consists of 
passing unheated, previously hot-rolled bars, sheets or 
strip (cleaned of scale) through a set of rolls, often 
many times, until the final size is obtained. Methods and 
effects of cold rolling wide strip are discussed in detail 
in Chapter 34. 

Cold Drawing — ^In this process a bar, wire or tube, 
after being cleaned, is pulled through a die having an 
opening smaller than the entering piece to reduce the 
latter to the required size (see Chapter 40). 

Cold Extrusion — The cold extrusion of steel is carried 
out in a manner similar to the hot-extrusion process, 
with two main exceptions: (1) The steel is at room 
temperature, and (2) the surface of the piece is treated 
by some chemical process such as bonderizing to assist 
in reducing friction between the steel and the container 
wall and die, in conjunction with special lubricants. 



Chapter 20 

INGOTS AND THEIR PREPARATION 
FOR ROLLING 


SECTION 1 

INGOT CHARACTERISTICS 


Ingots — Following completion of the refining opera- 
tion in the open hearth, Bessemer converter, or electric 
furnace, the molten steel is poured from the furnace into 
a ladle. From the ladle, the steel is teemed into a series 
of molds of the desired dimensions, where the liquid 
metal Ls allowed to solidify in whole or part. These 
solidified steel castings are called ingots. Before rolling 
begins, however, the ingots must have been allowed to 
solidify throughout, and the whole body of metal should 
be of uniform temperature. During natural cooling, 
these conditions are not fulfilled, because the outside of 
the ingot, being the part from which the heat is re- 
moved most rapidly, is the first to solidify and is cooler 
than the interior. The molds are stripped from many 
ingots while their central portion is still so hot as to be 
in the liquid state. This fact was recognized by early 
steel workers, so it was originally the custom to .strip 
the molds from ingots as soon as possible, and then place 
the ingots in a tightly covered hole or pit in the ground, 
where the heat from the interior of the ingot was con- 
veyed slowly to its relatively colder outside portion by 
conduction. Thi.s sufficed not only to beat the colder ex- 


terior part of the ingot, but also to supply heat to the pit 
which, with careful manipulation, was kept hot enough 
to maintain ingots at a suitable rolling temperature. 
This process was called soaking, hence the name soak- 
ing pit. In order to bring the soaking under better con- 
trol and make it adaptable to varying conditions of 
operation, means for supplying additional heat were in- 
troduced, so that the modern soaking pit is, in reality, a 
kind of heating furnace; detailed descriptions of soaking 
pits are given in Chapter 21. 

Ingot Characteristics — ^An ideal ingot would be one 
free from non-metallic matter, and from all cavities or 
openings, and of uniform physical structure and chemi- 
cal composition throughout. Unfortunately, the natural 
laws that govern the solidification of a liquid metal 
operate against these requirements, and develop the 
well-known natural phenomena called pipe, blowholes, 
segregation, columnar structure, and internal fissures. 
Added to these are detrimental occurrences, both in- 
cidental and accidental, such as ingot cracks, non- 
nictallic inclusions, and srah.s. A brief discussion of these 
phenomena will follow, but a proper understanding of 


BIG -END -DOWN MOLDS 


BIG -END -UP MOLDS 



OPEN TOP 


BOTTLE TOP 


OPEN BOTTOM 


CLOSED BOTTOM PLUG BOTTOM 


Fig. 20—1. Cross-sections (not to scale) of the five principal types of ingot molds. Molds usually are cast from molten 
pig iron directly from the blast furnace. 
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Fig. 20—2. Solidification pattern of 32" x 32" hot-topped 
big-end-up ingot of killed steel. 


pipe, blowholes, and segregation, and the methods for closed with a refractory or metal plug before the ingot 
controlling them, requires a brief study of the mecha- is poured. In all open-bottom molds, the bottom open- 

nism of solidification of ingots. ing is closed by placing the mold on a cast-iron base 

Nature of the Cooling of An Ingot — The ingot molds in called a stool (Figure 20 — 1). 

common use are tall, box-like containers made of cast As molten steel is poured into an ingot mold, the 

iron, weighing usually from one to one and one-half metal next to the mold wall and stool is chilled by con- 

times as much as the ingot they produce. The inside tact with the cold surfaces and solidifies on the bottom 

cavity is slightly larger at one end; thus, the ingots taper and sides to form what is called the skin of the ingot, 

from one end to the other to make it easier to separate As more and more heat is extracted by the mold, this 

the ingot and mold. As shown in Figure 20 — 1, this gives skin grows in thickness, but, for several reasons, it 

rwe to two main types of molds— big-end- down and grows at a rapidly decreasing rate. As the temperature 

big-end-up. Big-end-down molds are classified as of the inside of the mold approaches that of the outside 

open-top and bottle-top. Big-end-up molds are classi- of the ingot, the rate of heat transfer decreases. Also, in 

fled further into open-bottom, solid-bottom and plug- both big-end-down and big-end-up molds, an air gap 

bottom molds. In the last-named type, the interior is forms between the ingot and the mold wall because of 

constricted at the bottom to a small, circular opening, the contraction of the former and Ae expansion of the 



INGOTS 


latter. As solidlficalion progresses the distance between 
the mold wall and the remaining molten metal increases 
and the temperature gradient decreases, thereby de- 
creasing the rate of heat transfer. 

Also during the solidification process, gases are 
evolved from the metal to a greater or lessor degree, de- 
pending upon the typo of steel, as will be discussed 
later. 

Time for Solidification of Ingots- The rate of solidifi- 
cation is affected by the thickness of the mold wall and 
the design of the mold. Figure 20- 2 shows the idealized 
solidification pattern of a 32-inch by 32-inch killed-steel 
ingot, with the lines labeled 20, 40, etc., indicating the 
limits to which solidification had progressed after a cor- 
responding number of minutes. The location of these 
lines was established on the basis of data obtained by 
pouring a series of identical ingots and then dumping 
one after another at set intervals to pour out the re- 


m 

maining liquid .steel. The solidified shells were then re- 
moved from the molds and split vertically for study and 
measurement. These were hot-topped ingots of killed 
steel of the following composition: 


Element 

(%) 

C 

0.83 

Mn 

0.77 

P 

0.014 

S 

0.024 

Si 

0.18 

Ni 

2.08 

Cr 

0.15 


The relationships for determining the comparative rates 
of solidification of ingots of various sizes and shapes are 
quite complex and are outside the scope of this book. 


SECTION 2 


TYPES OF INGOT STRUCTURES 


When molten steel cools to the temperature range in 
which it begins to solidify, the solubility of the gases 
dissolved in the metal decreases, and the proportions of 
gases that can no longer be held in solution are expelled 
from the metal. Still more important to the present sub- 
ject, the chemical equilibrium between carbon and 
oxygen is changed as the toTuperature falls, and these 
two elements react to form carbon monoxide that is 
evolved from the metal during cooling as the system at- 
tempts to establish a new equilibrium. The molten steel 
does not solidify at a precise temperature but over a 
range of temiierature, so that gases evolved from still- 
liquid portions may be trapped in semi-solid plastic 
zones to form blowholes. 

The various types of ingots — killed, semi -killed, 
capped and rimmed — are dependent for their character- 
istics upon the extent to which gas evolution is sup- 
pressed. Control of gcis evolution is effected by control- 
ling the amount of oxygen dissolved in the liquid steel 
so that the unavoidable reaction between carbon and 
oxygen will occur only to the desired degree. The 
amount of oxygen in the steel is controlled to some de- 
gree by controlling the characteristics of the slag in the 
furnace, but chiefly by the addition of deoxidizers to the 
molten steel in the furnace during the finishing period, 
in the ladle or in the molds or in all three as required for 
the particular type of steel being produced. 

Figure 20 — 3 illustrates diagrammatically eight typical 


conditions of commercial ingots, cast in identical bottle- 
top molds, in relation to the degree of suppression of 
gas evolution. The dotted line indicates the height to 
which the steel was poured originally in each mold. The 
ingots range from dead-killed (No. 1) to violently rim- 
ming (No. 8). The differences between these structures 
are the result of the varying amounts of gas evolved 
by these ingots as they solidified. No. 1, a killed ingot, 
evolved no gas, the shrinkage which occurred on solidi- 
fication causing the slightly concave top, and also the 
large cavities below the top, separated by bridges and 
together constituting the pipe. Dead-killed steels usually 
are poured in hot-topped molds, which are also usually 
big-end-up, thus modifying the shape and location of 
the pipe cavity, but the ingot shown here is better for 
comparison. No. 2, a typical semi -killed ingot, evolved 
a slight amount of gas which, however, was sufficient 
to compensate fully for the shrinkage during solidifica- 
tion, the pipe being replaced by scattered blowholes in 
the upper half of the ingot. Ferrostatic pressure sup- 
pressed the evolution of gas from the lower half of the 
ingot, and thus prevented formation of blowholes in that 
zone. The gas pressure was sufficient to bulge upward 
the solidifying top surface of the ingot. 

No. 3 evolved considerably more gas than No. 2. The 
excess, above that required to compensate for shrinkage, 
formed skin or honeycomb blowholes damagingly close 
to the surface in the upper half of the ingot. The gas 



Fig. 20—3. Series of in£ot structures. 
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pressure ruptured the initially frozen top surface of the 
ingot, forcing liquid steel up through the rupture, where 
it ^en froze; this phenomenon is called bleeding. 

No. 4 evolved so much gas that the top surface could 
not even start to solidify. Instead, so many honeycomb 
blowholes formed damagingly close to the surface, and 
from top to bottom of the ingot, that the steel rose 
rapidly in the mold after pouring with a boiling action, 
called rimming action, so that it had to be checked by 
the application of a metal cap at the top of the mold. No. 
5, a typical capped ingot evolved still more gas; so much 
that the strong upward currents along the sides in the 
upper half of the ingot swept away the gas bubbles that 
otherwise would have formed blowholes. Even in the 
lower half of the ingot, the blowholes could not form 
until gas evolution had moderated somewhat, so that the 
solid “skin” over the honeycomb was thick enough that 
the blowholes, in an ingot of this type, seldom would be 
exposed due to scaling during heating in the soaking pit. 
In No. 5, owing to fewer honeycomb blowholes being 
formed than in No. 4, the steel rose less rapidly to the cap 
at the top of the mold. 

No. 6 is a rimmed ingot, as are also Nos. 7 and 8. In 
No. 6, the evolution of gas, while more than for No. 5, 
was Insufficient to keep honeycomb blowhole formation 
from slightly exceeding shrinkage, so that the top sur- 
face of the ingot rose slightly as it froze in from the sides 
of the mold. In No. 7, a typical rimmed ingot, there was a 
strong evolution of gas so that honeycomb formation, 
confined to the lower quarter of the ingot, just about 
balanced shrinkage, the top surface not rising or falling 
appreciably as it solidified in to the center. In No. 8, a 
violently rimming ingot, typical of low-metalloid steel, 
no honeycomb blowholes could form and the top sur- 
face of the ingot fell markedly as solidification pro- 
ceeded. 

These eight ingot structures, representing the four 
main types of ingots, namely, killed, semi-killed, capped, 
and rimmed (Nos, 1, 2, 5 and 7, respectively) together 
with the intermediate or extreme forms (Nos. 3, 4, 6, 
and 8) are merely selected samples from a continuous 
series of structures, varying from fully killed to fully 
rimmed. The gas responsible for this series of structures 
is a mixture, with carbon monoxide as the chief com- 
ponent. The other gases in the mixture probably are dis- 
solved in the steel, while the carbon monoxide is the re- 
sult of a chemical reaction taking place about as follows: 

Carbon monoxide gas is formed during the cooling of 
the liquid steel to the solidification temperature range, 
and during solidification, by reaction between the iron 
oxide and the carbon dissolved in the steel, according to 
the equation: 

FeO + C = Fe + CO (gas). 

Evolution of the gases is due to several complex, inter- 
related factors. Simply, however, it may be stated that; 
(1) At the finishing temperature, the iron oxide and 
carbon contents of the liquid steel are in equilibrium; 
as the steel cools, the equilibrium is disturbed, and these 
two constituents begin to react in an effort to restore a 
chemical balance. Since cooling is continuous, a new 
state of equilibrium is not attained, and gas continues 
to be evolved. (2) The solubility of gases in molten steel 
is much greater than in solid steel; consequently, most 
of the gas still in solution in the steel at the time of 
solidification is ejected from solution in the steel at the 
time the latter solidifies. As the steel is in a more or less 
plastic condition at the solidification point, the last gases 
evolved or liberated may not be able to escape from the 
bo^ of the metal, and will collect in bubbles as all 
gases do in making their way out of any liquid. 


Since there is sufficient carbon even in low-metalloid 
steel for a violent evolution of carbon monoxide, it fol- 
lows that the type of ingot structure will depend chiefly 
on the iron oxide (FeO) available for the above reac- 
tion while the steel is solidifying in the molds. This in 
turn depends on the carbon content of the steel at tap 
(the FeO content being greater as the carbon is less) 
and upon the amount of deoxidizers used. 

From the above explanation, it will be understood 
that types of ingots requiring the evolution of large 
amounts of gas, such as rimmed or capped ingots, can- 
not be produced if the carbon content is high (above 0.30 
per cent) , because the oxygen content would be too low 
for a strong evolution of gas, but enough for a mild or 
disturbing influence. Semi-killed and killed ingots can, 
therefore, be made from such steel by proper additions 
of substances (deoxidizers) to combine with any un- 
wanted exce.ss of iron oxide. On the other hand, any 
type of ingot structure can be produced from low- 
carbon steel, merely by adjusting the amount of de- 
oxidizer used in furnace, ladle, or molds. However, in 
very low- carbon steels, the excessive amounts of de- 
oxidizer required for the production of killed or semi- 
killed ingots add to the expense and give rise to ob- 
jectionable amounts of products of deoxidation, so that 
there are often practical advantages in making the lower 
carbon grades rimmed or capped, and the higher carbon 
grades semi-killed or killed. 

Pipe — The shrinkage cavity, or pipe, located in the 
upper central portion of the ingot, is largest and most 
deeply located in the two extremes of ingot structure 
represented by ingots Nos. 1 and 8. Less extreme struc- 
tures, such as No. 2 (semi-killed) or No. 7 (strongly 
rimming) exhibit this tendency to a lesser extent, while 
the product of an ingot of intermediate structure such as 
No. 5 (capped) will be practically free from pipe after 
rolling. Big-end-down killed ingots (poured without 
a hot-top) often have the lower portion of the pipe 
cavity below the bridges clean enough to be welded 
satisfactorily during rolling. This is true particularly for 
the higher carbon steels or where the percentage of re- 
duction during rolling is high, as in the lighter, flat- 
rolled products. In these cases, a satisfactory yield of 
sound rolled product often can be obtained without 
special steps being taken to eliminate pipe. If assurance 
of complete freedom from pipe is required, it is accom- 
plished best in killed-steel ingots by making them big- 
end-up, with a hot-top, as shown in Figure 20 — 4, No. 1 . 



Fiq. 20—4. Types of kUled ingots. 

1. Big-end-up, hot topped. 

2. Big-end-down, hot-topped. 

3. Big-end-up, not hot-topped. 

4. Big-end down, not hot-topped. 
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m 

The refractory material with which the hot top is con- core zone, which solidifies after the fashion of a senii<^*^ 

structed or lined absorbs heat less rapidly than the cast killed ingot when the top of the ingot finally freezes 

iron of the mold so that the top of the ingot remains over, exhibits strong positive segregation. The boundary 

liquid until after the remainder of the ingot has solidi- between rim and core zones is relatively sharp, aiid 

fied, thus furnishing an overlying pool of liquid steel these zones are so dilTercnl as regards composition 

which feeds down into the lower portions of the ingot and appearance after etching as to resemble different 

to overcome the shrinkage due to solidification. By using steels. 

big-end-up molds, this feeding is made still more effec- There are certain other special aspects of segregation 
tive. in killed steel which are of interest, but can only be 

Blowholes — In all except killed ingots, the evolution mentioned here; these include axial porosity (associated 

of gas produces cavities of roughly cylindrical shape with the “V segregate” along the central axis of an 

(skin or honeycomb blowholes) or spherical shape ingot) and ingot pattein which may be due to the ingot 

(located deeper in the ingot) . Except for the ones lo- being disturbed while solidifying, or to the type of seg- 

cated within several inches of the top of the ingot, such rogation called “inverted V segregate.” 

blowholes tend to have interiors clean enough to weld Columnar Structure— Steel after solidification is a 
easily and completely during rolling, unless they extend crystalline material, and the first molten metal to strike 

to the surface of the ingot, or lie at such shallow depth against the comparatively cold mold wall freezes rapidly 

beneath the surface that they become exposed by oxida- into a structure characterized by small and randomly 

tion of the surface of the ingot during heating in the oriented crystals, which occasionally may persist (in 

soaking pits. In both such cases their interiors become small ingots) to the centet* of an ingot, and which tend 

oxidized and they will not weld, resulting in numerous to become larger as they approach the center of the 

scams in the rolled product. Properly made ingots, ingot. Usually, however, this initial zone of randomly 

therefore, will have gas evolution during solidification oriented crystals soon gives way to large crystals called 

so controlled tliat there will be a skin of adequate thick- dendrites, characterized by a branching structure de- 

ncss over those blowholes closest lo the surface. The fact veloped as the crystals “grow.” The principal direction 

that blowholes serve a useful purpose in diminishing or of growth is perpendicular to the mold wall, so that all 

preventing the formation of pipe already has been men- dendrites so formed have essentially the same orienta- 

tioned. tion. If growth of the individual dendrites occurs prin- 

Segregaiion — When a complex material like liquid cipally along their longitudinal axes perpendicular to 

steel undergoes solidification, the first parts of the ingot the surfaces of the ingot, those large elongated crystals, 

to become solid are purer than the original liquid steel. under suitable circumstances, may extend all the way to 

This is called negative segregation and means that such the center of the ingot. An ingot having a prepondcr- 

solid steel is lower in carbon, manganese, phosphorus, ance of these large elongated crystals is referred to as 

sulphur, and other elements than the liquid steel from possessing a columnar structure and, if the structure is 

which it solidified. As a result of this action, the re- exaggerated in extent, it is referred to as ingotism. 

maining liquid steel becomes increasingly enriched in Ingots exhibiting ingotism tend to crack excessively 

these elements, so that the tendency of the solidifying during rolling unless light drafts are employed for the 

steel to be purer than the original liquid steel is after first few passes in the rolls. In most ingots, however, 

a lime arrested and then reversed. In this way the last columnar structure gives way, toward the center of the 

steel to solidify contains notably greater amounts of ingot, to rather large, equiaxed, randomly oriented 
these elements. This is positive segregation, and occurs crystals, which also are dendritic in character. The rela- 
te the greatest extent in the very last steel to solidify. tive proportion of columnar and equiaxed dendritic 

Thi.s is in the top central pari of the ingot, and, in killed crystallization appears to be dependent upon many 

steels, is adjacent lo and just below the pipe cavity. variables, among which are composition of the steel. 

Some elements segregate to a greater extent than mold temperature, pouring temperature and gas content 
others. Sulphur is the worst offender in this regard, fol- of the steel. 

lowed by phosphorus and carbon, while manganese and Internal Fissures— Tensile stresses in the interior of 
silicon show little tendency to segregate. an ingot, arising during cooling, hc?ating, or rolling of 

The tendency of the elements to segregate while the piece, may produce internal fissures or internal 

solidifying increases with the time required for solidi- bursts, sometimes of a very large size. If these do not 

fication, so that large ingots tend to segregate more than extend to the, surface they will weld completely during 

smaller ones. Still more effective in promoting segrega- the rolling operation, provided the amount of hot work 

tion is any movement of the liquid steel relative to the (percentage of reduction) is sufficient, 

solidifying surface. Killed steel in general, therefore, is Cracks — If the fractures produced by tensile 

least segregated. The slight stirring of the liquid steel stresses extend to the surface or originate at it, they 

caused by the evolution of gas in semi -killed steel pro- produce the visible defects called ingot cracks. Such ex- 

ducos a corresponding slight increase in segregation, posed cracks become oxidized, producing large seams in 

and the rimming action of capped steel prior to capping the rolled product. This type of defect receives more de- 
produces a thin rim zone exhibiting negative segrega- tailed attention in Chapter 26 on steel conditioning, 

tion, the thickness of which depends on the time elaps- Non-Metallic Inclusions — All steel ingots contain 
ing between pouring the ingot and sealing the top with a more or less non-metallic matter, consisting almost ex- 
metal cap. After sealing, the evolution of gas is me- clusively of oxides, with lesser amounts of sulphides, 

chanically suppressed, and the remainder of the steel in various combinations and mixtures with each other, 

solidifies after the manner of a semi-killed ingot. How- They are derived chiefly from the oxidizing reactions of 

ever, since the thin rim layer is strongly segregated the refining process and the deoxidizing materials added 

negatively, the positive segregation of the center of the to the steel in the furnace, ladle, or molds. Some result 

ingot is somewhat greater than for a semi-killed ingot, from erosion of ladle refractories during pouring. They 

Rimmed ingots are the most segregated of all, as the were supposed formerly to be admixed furnace slag, but 

prolonged rimming action produces a thick rimmed zone this material now is recognized as only a minor source 

of negative segregation. Since the rim zone can be al- of these inclusions. 

most half the volume of an ingot, it follows that the Scabs~>In top-poured ingots the liquid steel, falling 
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from a height upon the stool or the bottom of the mold, 
splashes violently against the lower part of the mold 
walls. Many of these splashes adhere and solidify, form- 
ing a continuous layer on the bottom foot or two of the 
mold walls. Above this point the adhering splashes 
rapidly decrease in number and become discontinuous. 
This splashing diminishes as a pool of liquid metal forms 
in the bottom of the mold. The adhering splashes cool 
rapidly, and their surfaces oxidize. If the cooling and 
oxidation have progressed too far by the time the liquid 
steel in the mold rises past them, they will not be in- 
corporated into the ingot, but remain as adhering and 
imperfectly bonded scabs on the surfaces of the ingot 
which, if thin, may be oxidized away in the soaking-pit 
operations. If thick, they produce a similar defect on the 
rolled product, as discussed in Chapter 26. As the con- 
tinuous layer of splashes cools, its upper edges tend to 
bend inward and, as the rising liquid steel overflows 
them, to become enfolded. Horizontal ingot cracks, 
called butt cracks often occur below and parallel to such 
folds, and the folds themselves can produce surface 
laminations or seams in the rolled product. 

The defects associated with pouring splashes can be 
reduced by filling the mold more rapidly, so that the 
rising level of liquid steel covers the splashes before 
they can cool and oxidize. This is done by using larger 
or multiple nozzles, which practice, however, gives rise 
to various mechanical difficulties if carried to extremes. 


There is also a danger, especially with higher pouring 
temperatures, that high pouring rates will lead to 
greater ingot cracking. 

Bottom pouring also will minimize this defect, since 
the molten steel enters the mold from a runner through 
an opening in the mold bottom and there is little splash- 
ing as compared with top-pouring practice. 

Mold Coatings— Another method of improving ingot 
surface is to coat the inside of the molds with a sub- 
stance which tends to repel splashes. Many substances 
have been proposed or tried for this purpose. Among 
these few are tar, powdered pitch, gilsonite, graphite, 
and aluminum paint. The last often is used on* molds 
for killed steel of the higher-alloy grades. Tar is prob- 
ably the most effective splash repellent, but, if used 
under unsuitable conditions, gives rise to annoying 
fumes. Powdered pitch has some of the effectiveness of 
tar, and the fumes are less objectionable. Gilsonite ap- 
proaches tar in effectiveness and produces a minimum 
of fumes when properly applied. With carbonaceous 
coatings, such as tar, powdered pitch, or gilsOnite, the 
temperature of the molds at the time they are coated is 
important. If they are too hot, the coating is decom- 
posed and the residual charred film has no beneficial 
effect. If they are too cold, the coating is extremely 
heavy, and the excessive amount of gas accompanying 
its 'decomposition by the liquid steel gives rise to sub- 
surface blowholes in the ingot. 


SECTION 3 

CONTROL OF INGOT STRUCTURE 


Steelmaking and Deoxidation Practices— The previous 
discussion has shown that the final structure of an ingot 
is determined almost entirely by the degree to which the 
steel from which it was cast has been deoxidized. The 
several types of steel require different steelmaking and 
deoxidation practices, which are described briefly in the 
following summary of the principal steps involved. 

Rimmed Steels — ^For rimmed steels, proper rimming 
action in the molds has been described as necessary to 
produce the surface conditions and ingot structure de- 
sired. Slag control is aimed at adjusting the lime-silica 
ratio and iron-oxide content of the slag to give the de- 
sired level of oxidation of the bath of metal when the 
heat is ready to tap. The exact procedures followed de- 
pend on whether the steel has a carbon content in the 
higher ranges (0.12 to 0.15 per cent) , in the lower ranges 
(0.06 to 0.10 per cent) , or under 0.06 per cent. 

Rimmed steel usually is tapped without deoxidizing 
additions to the furnace and with only small additions in 
the ladle, in order to have sufficient oxygen present to 
give the desired gas evolution when reacting in the mold 
with carbon. This type of steel, when properly made, 
has a minimum of pipe and a good surface though it is 
subject to segregation. When the metal in the ingot mold 
begins to solidify, there is a brisk evolution of gas re- 
sulting in an outer ingot skin of relatively clean metal. 
For many applications, particularly where the surface of 
the product is important, this steel is used to a consider- 
able extent. 

The thickness of this outer skin and the absence of 
blow holes and oxides from it depends on the skill of 
the steelmakers. When the temperature and the oxygen 
level of the steel, as it is poured from the ladle, are 
within the most desirable limits, the desired evolution 
of carbon monoxide from the steel as poured into the 
molds is obtained by the reaction of oxygen in the steel 
with carbon, and to finally control and obtain the most 


effective rimming action, the very careful use of shot 
aluminum, in small quantities, is necessary as the ingots 
are poured. The amount to bo added is determined in 
pouring the first few ingots. The largest proportion of 
this steel has a carbon content of under 0.15 per cent. 
Ferromanganese may be added to the furnace before 
tapping or in the ladle, but it is usual to make the addi- 
tion in the ladle. Aluminum, ferrotitanium or other 
deoxidizers in small amounts may be added in the ladle, 
if needed. If the steel is deoxidized to too great an extent 
up to the point where the pouring of ingots begins, the 
rimming action will be incomplete because the evolution 
of gas is too small in volume and too slow in starting its 
evolution. 

Capped steel practice is a variation of rimmed prac- 
tice. The steel is poured into big-end-down bottle top 
molds in which the constricted top or mouth of the 
mold facilitates the capping operation. The rimming ac- 
tion is allowed to begin normally but is then terminated 
at the end of a minute or more by sealing the 'mold with 
a steel or cast-iron cap. The addition of a small amount 
of shot aluminum during pouring insures that the steel 
rises to press against the cap. The oxygen level of the 
steel as poured into the mold is preferred to be not 
more, and possibly slightly less, than the desired level 
for rimmed steel. The product is an ingot with a thin 
rim which is relatively free of blow holes and with 
segregation less than is usual for a rimmed ingot of the 
same volume. On steels (other than killed or semi- 
killed) of higher carbon content than 0.15 per cent, this 
method is used to advantage. Steel of this type is applied 
on sheet, strip, skelp, tin plate, wire, and bars. 

Semikilled steel is deoxidized less than killed steel 
and there is oxygen still present in the molten steel to 
react with carbon and to form gas after the steel is 
poured into the molds. The steel finds wide application 
in structural shapes, plates and merchant bar. Structural 
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steel is generally m the range of 0.15 to 0.30 per cent 
carbon, because this provides appropriate strength, and 
such steel is generally semikilled. The usual practice 
is to bring the carbon content of the bath to the desired 
level for tapping. The manganese may be added as 
ferromanganese to furnace or ladle, or divided. If large 
amounts are necessary, at least part should be added to 
the furnace. Carbon, ferrosilicon, ferrolitanium and 
aluminum may be added to the ladle. It is usual to ac- 
complish most of the deoxidation in the ladle, so that 
only a few ounces per ton of aluminum will be required 
in the mold. 

Killed Steel — The term “killed” indicates that the steel 
has been deoxidized sufficiently for the metal to lie per- 
fectly quiet when poured into an ingot mold. There is no 
evolution of gas and the top surface of the ingot solidi- 
fies with relative rapidity. Killed steel generally is used 
when a homogeneous structure is required. Alloy steels, 
forging and carburizing steels are of this type, when the 
essential quality is soundness (freedom from blow holes 
and segregation). In general, all steels with more than 

0.30 per cent carbon content are killed. In making killed 
steel, the usual practice is to “catch the heat coming 
down,” that is, to lower the carbon content of the bath 
to the desired level and then either block the heat 
(deoxidize it) by adding high-silicon pig iron (15 to 25 
per cent silicon) , silicomanganese, or spiegel, or to tap 
the heat and depend upon ladle deoxidation. 

Blocking lowers the oxygen content of the liquid metal 
to prevent further oxidation of carbon; it also serves to 
protect alloying elements which are susceptible to oxida- 
tion and consequently are added after the heat has been 
blocked. 

At the final part of the finishing period, the carbon 
will have been worked down until it is at a level which 
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in best practice is such as to bring the steel within 
required range in tapping and pouring. The phosphorus 
and sulphur should be below the specified maximum, the 
manganese usually will be below the minimum re- 
quired, and the batli temperature should be proper for 
the composition and grade of the steel being produced. 
The steel is then ready for whatever ferroalloys need to 
be added (ferrosilicon, ferromanganese, other alloys). 

The decision as to whether a ferroalloy addition is 
made to the furnace or to the ladle is determined largely 
by the susceptibility of the ferroalloy to oxidation. 
Manganese may be added to the furnace or to the ladle, 
or divided between them, but the additions to the ladle 
must not be so large as to chill the metal loo much. The 
furnace additions are chosen «and the timing of addition 
set so that the maximum elimination of the solid oxides 
formed will take place by floating up through the metal 
to the slag before the metal is tapped from the furnace. 
After tapping, other deoxidizing additions may be added 
to the steel as it runs into the ladle. These complete the 
deoxidation to the desired degree up to the pouring into 
molds. These ladle additions are usually ferrosilicon, 
aluminum or other special alloys (calcium-silicon is an 
example) containing elements which have a strong 
affinity for oxygen. Additions containing such elements 
as manganese or silicon furnish part of the elements re- 
quired to meet the specified chemical composition. Ad- 
ditions of deoxidizers to the molds may be made, de- 
pending on the type of steel. 

In producing certain extra-deep-drawing steels, a 
low-carbon steel (under 0.10 per cent carbon) is killed, 
usually with a substantial amount of aluminum, added 
in the ladle, molds or both. 

A large proportion of killed steel is poured into hot 
topped, big-end-up molds. 


SECTION 4 

HEATING INGOTS FOR ROLLING 


The main function of soaking pits (see Chapter 21) is 
to bring ingots to a uniform temperature suitable for 
rolling and to do this without damage to the ingots 
themselves. Between the time the ingots are poured and 
the moment when they are ready for rolling, the various 
manipulations to which they may be subjected are all 
for the purpose of attaining one or more of the following 
three objectives: 

1. To Insure Solidification of the Ingot — Ingots of some 
killed steels must be allowed to become completely solid 
before being moved from the pouring platform. For 
some other killed steels, the ingots can be moved away 
from the pouring platform within a shdrt interval after 
pouring, say 20 minutes, but not thereafter until com- 
pletely solid. For all other types of steel, there are 
usually no holding requirements from the standpoint 
of internal quality. Such ingots may, therefore, be 
moved, stripped, and charged into the soaking pits as 
soon as solidification has progressed far enough to en- 
able them to endure the stresses involved in such han- 
dling. 

To save time and fuel, therefore, ingots of many 
grades of steel are charged soon after pouring, when 
their interiors are still largely molten. If the heating of 
such ingots should be started immediately after charg- 
ing, solidification would be retarded to such an extent 
that the center portions of the ingots would still be 
liquid, or at least in the mushy stage of solidification, 
when the remainders of the ingots were ready to roll. 
In such cases, therefore, the pits may be dampered for 


a period after the ingots are charged; that is, the fuel 
is shut off and the connection to the waste-gas flue is 
closed, the latter to prevent natural draft from causing 
cold air to pass through the pit. During such a damper- 
ing period, the exterior portions of the ingots do not 
receive much heat from the pit, while the centers of the 
ingots continue to solidify by transferring heat to the 
exterior surfaces. The duration of such dampering 
periods should, of course, increase with increasing 
ingot size, especially as determined by the least di- 
mension (thickness), and decrease with increasing 
“track time,” i.e., the interval between finish pour and 
charge. 

An alternative method of insuring complete solidifica- 
tion of the ingots after charging and before rolling is to 
set up minimum track times, which increase with in- 
creasing ingot thicknesses. 

2. To Avoid Rupturing the Surfaces or Interiors of 
Ingots — Ingots of some grades of steel are notoriously 
more sensitive to thermal shock than those of other 
grades and can, therefore, be damaged or ruined by 
cracks or internal bursts if cooled or heated at too rapid 
a rate. This sensitivity increases with ingot size, degree 
of killing, carbon content, and metalloid or alloy con- 
tent. Thermal shock by cooling may occur between 
pouring the ingots and charging them into the pits, es- 
pecially in the interval between stripping and charging. 

In certain grades of steel, such as high -sulphur screw 
stock, it is advisable to make the time between pour and 
charge, and especially the time between strip and 
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charge, as short as possible. This particular type of 
sensitivity perhaps may be due to something else than 
simple thermal shock, as, for example, the formation 
of an intercrystalline precipitate within a critical tem- 
perature range. If the charging of such steels is to be 
delayed too long, it may be better to allow the ingots to 
cool further in the molds before stripping, charging, and 
reheating. 

Thermal shock by heating may occur if ingots are 
charged into pits which are much hotter than the ingots 
or if, after charging, the ingots are heated too rapidly. 
The more sensitive the grade of steel, and the colder the 
ingots at the time of charging, the more elaborate must 
be the precautions against such thermal shock. For ex- 
ample, with large cold alloy ingots, it may be necessary 
to cool the pits until they are not hotter than 800“ F, 
then, after charging the ingots, leave the pit uncovered 
for some definite period, tlien cover and lot stand for 
another period, after which firing is begun at a mini- 
mum rate, the heat input being controlled carefully and 
stepped up very gradually. 

3. To Bring All Parts of the Ingots to the Desired 
Temperature — The temperature at which ingots prop- 
erly heated for rolling are withdrawn from the soaking 
pit is called the drawing temperature. The heating of 
ingots to this temperature may be considered as taking 
place in two successive steps, although, for small ingots 
charged quite hot, the second step occurs so nearly 
simultaneously with the first step that its existence is 
not so obvious. 

a. Heating the Exterior Portions of the Ingots to 
Drawing Temperature— To achieve this first result, 
the pits are fired as rapidly as is safe, having due 
regard to avoiding thermal shock to the ingots, and 
to avoid any burning of the ingots (see below). 
Depending upon the type of pits, heat input is 
controlled by visual observation of the surfaces of 
the ingots, or by thermocouples recording pit tem- 
peratures. These latter usually are arranged to 
proportion, or at least to regulate, heat input in 
accordance with pit temperatures, the controls be- 
ing set to prevent the pits from exceeding a pre- 
determined temperature. This temperature limit 
has been determined by previous experience to 
result in the desired drawing temperature. 

b. Heating the Interior Portions of the Ingots to Draw- 
ing Temperature — A portion of this second result 
is, of course, being achieved while the exteriors of 
the ingots are being heated to drawing temperature, 
and the remainder of this result is secured after the 


exteriors of the ingots have reached drawing tem- 
peratures. This is accomplished by reducing the 
heat input (in automatically controlled pits) until 
it is just sufficient to maintain the exteriors of the 
ingots at drawing temperature. The heat input at 
this stage is, therefore, only that required to offset 
heat losses from the pit and the heat absorbed by 
the interiors of the ingots. In manually fired pits, 
fuel input can be reduced by hand control during 
this soaking period, or an approximation to this 
controlled reduction of heat input can be secured 
by alternately firing and dampering the pits for 
short periods of time. 

Since the temperatures of the interiors of the 
ingots cannot be measured, past experience is the 
only guide as to the time required to **soak out” 
the centers of the ingots, taking into account their 
temperature at the time of charging, their size, and 
their thermal conductivity. 

‘^Burning’* of Ingots — If ingots arc heated to exces- 
sive temperatures, the surface scale may melt and run. 
Such ingots are said to be washed. If the areas of melted 
scale on ingots are small, due to localized flame im- 
pingement, the ingots are said to be port marked. In 
addition to these effects, excessive pit temperatures can 
produce the damaging effect called burning. This is a 
complex phenomenon, which can occur at temperatures 
below the solidus of the steel being heated. The low- 
carbon grades of steel are almost immune to this trouble, 
which becomes an increasing hazard as the carbon 
content of the steel increases, particularly above 0.30 
per cent. It is a penetration of iron oxide, usually in 
combination with iron sulphide, between the grain 
boundaries at and near the surface of the ingot. It re- 
sults in scabby, crumbled surfaces on the rolled prod- 
ucts (see Chapter 26) . 

Burning can be avoided by careful control of the 
temperatures attained by the surfaces of the ingots. 

Overheating of Killed and Semi-Killed Non-Hol- 
Topped Ingots— In these two kinds of ingots, the yield 
of sound rolled product depends upon the extent to 
which pipe cavities are welded by tlie rolling operation. 
If the top portions of the ingots are heated to too high a 
temperature, the pipe cavities will not weld successfully. 
Apparently, the high temperature liquefies non-metallic 
matter which is present on or near the tops of the 
ingots, and this then finds its way down into the pipe 
cavities. Cold ingots particularly are subject to this 
trouble, and special care in healing is required to mini- 
mize pipe rejections. 



Chapter 21 

CONSTRUCTION AND OPERATION OF 
HEATING FACILITIES 


SECTION 1 

PRINCIPLES OF FURNACE DESIGN 


Objectives and General Metallurgical Requirements— 
A heating furnace is utilized to raise the temperature of 
steel for hot working (shaping) and for heat treating. 
Heating furnaces may be divided into three general 
classes: 

1. Soaking-pit furnaces 

2. Reheating furnaces 

3. Heat-treating furnaces 

The function of soaking pits and reheating furnaces is 
to raise the temperature of steel in the course of process- 
ing until it is sufficiently hot to be plastic enough for 
economic reduction by rolling or forging to the desired 
section. The function of heat-treating furnaces is to 
heat the steel to some specific temperature for the pur- 
f)osc of obtaining the desired mechanical properties, 
which may be developed either by: (a) regulating the 
speed of cooling of the steel in the furnace; (b) by re- 
moving the hot steel from the furnace and permitting 
it to cool in still or agitated air; or (c) immersing the 
work directly from the furnace into some liquid to cool 
it suddenly and thus develop maximum hardness after 
which, usually, the hardened steel is tempered by 
further heat treatment. 

Heating furnaces must be constructed of suitable ma- 
terials to withstand the effects of the temperature levels 
at which they must operate. They must be provided 
with charging facilities which are adequate for the 
material size and handling rate, and with the proper 
means for heating the steel at the specified production 
rate. From the metallurgical standpoint, all three types 
of furnaces must be constructed to heat the steel uni- 
formly and, by suitable temperature and combustion 
control instrumentation, hold it at the desired tempera- 
ture for a specified length of time. Heat-treating fur- 
naces, in addition, may have to be designed to cool at 
controlled rates to a predetermined level, and be pro- 
vided further, in many cases, with extra equipment by 
which special requirements, such as the control of fur- 
nace atmosphere for developing or maintaining the de- 
sired surface condition of the steel, may be met. 

Basic Elements of Furnaces— There are many different 
designs for each of the three general furnace classes 
noted above, but each design (exclusive of salt-bath 
or lead-bath furnaces, which are discussed in detail in 
Section 4 of this chapter) consists of certain common 
parts, as: 

1. The heating chamber; an enclosure to contain the 

material and retain heat. 

2. A hearth or support in the furnace for carrying the 

charge. 


3. Facilities for the development of heal to raise and 

maintain furnace temperature. 

4. Means for the distribution of heat and the removal 

of spent gases from the furnace. 

5. Means for the introduction of work to be healed 

and removal of heated stock. 

The enclosure to contain the material and heat gen- 
erally is called the furnace proper. It usually is con- 
structed of refractory material, although furnaces for 
operation at relatively low temperatures may be fabri- 
cated exclusively of steel. The furnace hearth or support 
for the charged material also may be constructed either 
of refractory or metallic material. In high -temperature 
furnaces, metallic supports generally are water cooled. 
Furnace hearths are constructed to permit the charge 
either to remain in a fixed position in the furnace or to 
be moved during the heating process. An example of 
the first type of hearth is the conventional batch-type or 
“in-and-out” furnace. Examples of the second general 
type are found in roller-hearth furnaces in which the 
material moves as the series of rollers that constitute 
the hearth rotate, and in continuous furnaces in which a 
continuous line of material is pushed over skids. The 
combustion of fuel usually is employed to develop the 
required furnace temperature, but the conversion of 
electrical energy into heat is used also in some im- 
portant heat-treating furnace installations. The circula- 
tion of heat in the majority of furnaces is accomplished 
by natural convection and stack draft; in others, by 
forced circulation. 

Facilities for the introduction and removal of heated 
stock vary with the type and size of furnace, the size 
and shape of the stock to be handled, and the general 
layout of the furnace and auxiliary facilities. Holler 
tables, conveyors, charging machines, overhead cranes, 
furnace pushers and pinch rolls are the principal kinds 
of equipment used for this service. 

Furnace Size and Capacity— The size of a heating fur- 
nace usually is described by its hearth area. The hearth 
areas of the various types of the three general furnace 
classes differ greatly. Soaking pits may have a hearth 
area of from 10 sq. ft. to something over 300 sq. ft. Re- 
heating furnaces may have hearths ranging in area from 
only a few square feet, as in a small forge furnace, to 
over 2000 sq. ft. in large, continuous slab-heating fur- 
naces. Heat-treating furnace hearths vary in size from 
the laboratory type of furnace of only a few square 
feet to areas of 1600 sq. ft. or more found in some of 
the larger continuous normalizing or, annealing fur- 
naces. The productive capacity of a heating furnace 
often is related to its hearth area, and figures of from 
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Fic. 21 — 1. Normal average time for heating various sizes 

of square mild-steel (low-carbon) and medium-carbon 

steel billets from room temperature to rolling tempera- 
ture of 2250 “F. 

2 pounds to 250 pounds per sq. ft. of hearth area per 
hour are quoted for the various types. The low rate may 
apply for some conditions in heat treating steel and the 
high rate to pit furnaces when heating already hot 
ingots to a higher temperature. The capacity of a fur- 
nace is determined primarily by the area of the surface 
of the piece to be heated which is exposed to the fur- 
nace temperature, and the shape, thickness and compo- 
sition of the material, its temperature and that of the 
furnace, and the emissivity of the heat source and of the 
material to be heated (e.g., surface-ground or machined 
stainless steel) . The desired rate of heating is regulated 
by manually or automatically controlling the rate of 
heat input to the furnace. 

High-carbon steels and heat-resisting alloys require 
longer heating cycles to attain uniformity of heating at 
the same temperature levels, as compared to low-carbon 
steels. Selection of the time required for properly heat- 
ing various grades and sizes of steel is based largely on 
experience with given furnaces heating specific types of 
products. Figure 21 — 1 shows the normal time for heat- 
ing various sizes of cold mild steel and medium-carbon 
steel blooms and square billets to rolling temperature. 
The heating time for high-carbon steel is about one- 
third longer and for heat-resisting grades about twice 
that shown. 

The flow of heat through a thick body of steel is 
relatively slow compared to surface absorption in high 
temperature furnaces and, therefore, caution must be 
exercised in regulating the supply of heat to prevent 
the siirface from “sweating” (partial melting) while 
bringing the temperature inside the material up to the 
required level. Figure 21 — 2 shows the average rate of 
heat absorption for an entire cycle as generally prac- 
ticed in heating mild, or medium -carbon grades of steel 
from atmospheric to rolling temperature. During the 
early stages of the heating cycle, the heat-transfer rates 
are considerably above the average shown, while dur- 
ing the latter part of the cycle the rate is very low. In 
heat treating steel, considerably lower average heat- 
transfer rates are practiced than those shown in Fig- 
ure 21—5. 


Furnace Type and Shape— There are many types of 
each of the three general classes of heating furnaces. 
The selection of type is determined by its suitability for 
heating economically particular grades, shapes and 
sizes of the material at the rate and to the temperature 
level desired. For instance, batch-t 3 rpe furnaces are 
especially suitable for heating blooms of mixed sizes and 
lengths in thicknesses over 8 inches; continuous fur- 
naces are used for heating slabs or billets for large or- 
ders of uniform length and thickness, and car-bottom 
furnaces are used for annealing miscellaneous shapes 
and sizes. The general shape of a furnace depends upon 
a number of factors, such as capacity desired, space 
available, auxiliary equipment and metallurgical re- 
quirements in heating. Refinements in furnace lines de- 
pend within rather wide limits on the kind of fuel used 
and on the grade and size of steel to be heated. The 
desired combustion space, temperature level require- 
ments, uniformity of heating and fuel flow are major 
considerations in furnace design. 

Thermal Efficiency — The thermal efficiency of heating 
furnaces varies considerably because of differences in 
the temperature level of the heated stock and of the 
charged material, in the provision of heat recovery 
equipment such as regenerators and recuperators, in 
furnace insulation, in operating schedules, and in heat- 
ing requirements. To cover the full range of all com- 
mon types of heating furnaces, the thermal efficiency 
may fall anywhere between 5 per cent and 60 per cent. 
Large production-line furnaces, such as continuous fur- 
naces equipped with recuperators and insulation, gen- 
erally give 30 per cent to 40 per cent thermal efficiency 
over an average month’s period of operation. Small shop 
furnaces, poorly loaded, with no insiilation or heat- 
recovery facilities, have low thermal efficiency. The 
heat requirement per ton of heated product from heat- 
ing furnaces for the production line varies from 300,000 
to 3,000,000 Btu. The lower figure is obtained when heat- 
ing hot steel, the higher one with poorly-loaded fur- 
naces heating cold steel. 

The sensible heat lost in stack gases is the principal 
source of heat loss in a fuel-fired furnace. Other losses 
include the heat loss by conduction through furnace 
walls, hearth and roof; radiation through furnace open- 
ings and from the outer surface of the furnace proper; 



Fig. 21—2. Curve showing average rate at which heat is 
absorbed during an entire heating cycle by mild-steel 
and medium-carbon steel in heating from room tempera- 
ture to rolling temperature in reheating furnaces. 
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the heat absorbed by water-cooled furnace parts; and 
the latent heat and unbumed combustibles in stack 
gases. 

In Chapter 3, dealing with fuels, the means employed 
for reducing furnace losses and the salvage of heat in 
waste gases already have been reviewed. Regenerators 
are provided usually for batch furnaces operated at 
high-temperature levels. They provide, in addition to 
heat salvage, a reservoir of potential heat for equalizing 
the temperature of steel during the soaking period. Or- 
dinarily, in regenerative batch-type furnaces, the actual 
time for firing fuel amounts to only 50 per cent of the 
total time from charge to charge; the balance of time 
is taken up by charging, drawing and soaking. Firing in 
regenerative furnaces is usually at a constant rate with 
intervals of soaking, which occur more frequently as the 
charge approaches rolling temperature. 

The heat stored in thick furnace walls of ordinary 
firebrick at high hot-face temperatures is considerable. 
When the so-called flywheel effect of hot walls and re- 
generators is not desirable, such as in furnaces which 
occasionally must be cooled as quickly as possible to 
lower than usual operating temperatures to receive 
special alloy or high-carbon heats, a material saving in 
production, fuel economy and maintenance can be ef- 
fected by constructing the walls and roof of insulating 
rather than of regular firebrick. 

Recuperators generally are supplied for high-tem- 
perature heating with continuous reheating furnaces 
and soaking pits, and in some instances for batch-type 
furnaces. They are more desirable than regenerators 
when the control of atmosphere and a constant flow of 
fuel into the furnace is important. They usually are de- 
signed to provide a lower preheat temperature than is 
obtainable with regenerators. 

Materials of Construction-— The temperature level car- 
ried in various parts of the furnace determines the 
kind and grade of construction materials that must be 
used. The hot end of continuous and regenerative batch 
furnaces, which employ burners or a fuel developing 
intensive combustion, may reach temperatures up to 
2800” F. For this level, it is customary to construct the 
walls and roof of first-quality or super-duty firebrick 
and to water-cool any metallic parts which are exposed 
to high temperature. In high-temperature furnaces, 
there are applications for the use of special refractories. 


Hearths are constructed usually of refractories resistant 
to abrasion, slag attack or adherence to the steel being 
heated. Door jambs are made of refractories with non- 
spalling characteristics. Pier walls, such as those used 
in top- and bottom-fired continuous furnaces, use re- 
fractories with good hot-load-bearing properties. In pit 
furnaces, slag-resistant refractories are used in the 
lower wall areas to combat chemical attack by cinder. 

Flue temperatures, especially following recuperators 
or regenerators, seldom exceed 1600“ F, and for this 
application second-quality firebrick generally is used. 
Cast iron or heat-resisting steel is used for constructing 
dampers up to this temperature level; in flues subject to 
higher temperatures, the dampers are water-cooled. 
Annealing and normalizing furnaces seldom are oper- 
ated in excess of 1700* F, and tempering or drawing fur- 
naces normally operate at even lower temperatures. In 
these furnace types, insuLnting firebrick is used gen- 
erally, especially when the operations arc intermittent. 
In many heat-treating furnaces which require a careful 
control of the furnace atmosphere, particularly in those 
where special inert gas is used for this purpose, the 
heating chamber proper consists of a leakproof muffle of 
heat-resisting steel in which the work is sealed and 
surrounded by the controlled atmosphere, while heat is 
supplied to the outside of the muffle and transferred to 
the work through the muffle walls. 

Besides the refractories and metallic parts directly 
exposed to internal furnace temperature, many furnaces 
contain a number of other essential parts which must 
be given careful consideration due to the temperatures 
to which they will be subjected. Cast-iron doors and 
door frames usually are lined with refractory material 
for protection; roof hangers are cast of heat-resisting 
metal; furnace casings and steelwork usually are con- 
structed of ordinary grades of carbon steel; regenerators 
generally utilize refractories; recuperators are con- 
structed either of refractory or metal, depending upon 
the temperature level at which they are to operate. 
Various grades of insulating material are used, depend- 
ent upon load, location and temperature level. Insula- 
tion for reheating-fumace walls, roof and hearth, not 
only provides a saving in fuel but also aids in maintain- 
ing a uniform temperature within the furnace, reduces 
stresses in furnace brick and steelwork, and improves 
working conditions around the furnaces. 


SECTION 2 

SOAKING-PIT FURNACES 


Introductory — The modern soaking pit has been de- 
veloped to provide uniform heating of ingots to the de- 
sired temperature with a minimum of over -heating of 
the surface. In most modern designs, this is accom- 
plished with automatic controls. The normal range for 
heating ingots is between 2150* F and 2450* F. The 
proper temperature level varies with grades of steel and 
sizes of ingots and characteristics of the rolling mill. 
Low-speed mills with many passes require the higher 
level of heating for certain grades of steel. Soaking pits 
serve the dual function of heating and acting as a 
reservoir to correct irregularities in the flow of ingots 
between the steelmelting shop and the primary rolling 
mills. Briefly, soaking pits are deep chambers, or fur- 
naces, of square, rectangular or circular shape, into 
which ingots are placed in an upright position through 
an opening at the top (Figure 21-^) . A removable cover 
closes the pit opening. A series of pits, installed usually 
in rows, are placed under cover of a building adjacent 


to the entering side of the blooming or slabbing mill to 
be served. The top of the pit is usually several feet 
above ground level. The pits are spanned by one or 
more electrically operated traveling cranes equipped 
with a traveling hoist for charging the ingots into the 
pits and for lifting them out as they are needed by the 
mill. The lower end of this hoist is provided with ad- 
justable tongs, by which an ingot may be grasped at 
the top and moved vertically a distance greater than the 
depth of the pit. This crane is used to transfer the ingots 
to the pits from the cars on which they were brought 
from the stripper, moving on tracks usually located 
along the side of the pits. For heated ingots, a pot car or 
ingot buggy is provided, which usually is propelled 
electrically along a track leading to the primary-mill 
tables, upon which it automatically deposits the ingots. 

Types of Soaking-Pit Furnaces — There are several 
modem designs of soaking pits. Each design has special 
heating characteristics. The oldest of the modem types 
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Fig. 21 — 3. Schematic cross-section 
through a soaking-pit furnace 
building. (Courtesy, Amsler- 
Morton Company.) 


is the regenerative pit. In this type, the ingots are heated 
by alternately burning the gas through a port in the pit 
wall on one side, permitting the products of combustion 
to pass across the pit and out through the regenerator 
flues and stack to the atmosphere. The air, after each 
reversal, is passed through the hot regenerators to pro- 
vide preheat for combustion of the fuel. If fuels of high 
calorific value, e.g., fuel oil, natural gas, or coke-oven 
gas are burned, they are introduced either through 
pipes in the top of the checker chamber and directed 
toward the bridgewall, or through a well in the checker 
brickwork adjacent to the port bridgewall. In some 
installations, particularly when cold blast-furnace gas 
is used, burners have been installed in the rear walls of 
the checker chambers. Since the ports are located in the 
endwalls of the pit, the ingots are exposed to conditions 
of unequal heating on their opposite sides. To equalize 
ingot temperature, the practice of firing and dampering 
is generally followed. This practice provides uniformly- 
heated steel at a relatively- fast heating rate, but gen- 
erally causes high scale losses, due to the How of air 
through openings in the flues or checker chambers into 
the pit proper and out through holes in the pit cover or 
through faulty cover seals each time the pit is dampered. 
Corrective measures have been applied in modem re- 
generative pits by careful sealing of the checker- 
chamber brickwork and the installation of self-sealing 
covers. Difficulties from scaling are not confined only 
to regenerative-fired pits, but also may be met in re- 
cuperative-fired pits if there are leaks in the recupera- 
tors. 

One of the first major steps towards improvement in 
pit-fumace design was to provide sufficient space for the 
combustion of fuel. Pits of a continuoiis-fired design, 
known as one-way fired pits (Figure 21 — 4), equipped 
with recuperators, were designed to provide combus- 
tion space above the ingots, where the space available 


for combustion was not affected by ingot coverage. 
“Ingot coverage” is a term used to denote the tonnage or 
number of ingots charged into a pit. Instead of the 
horizontal flow of gases through the pit as in the re- 
generative type, the flow in this type is vertical in ac- 
cordance with hydrostatic principles. 

In another type, designated as the bottom center- fired 
or vertically-fired pit, a section of which is shown in 
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Fig. 21 — 4. Diagrammatic elevation and plan view 
illustrating principle of continuous firing and flow 
of hot gases in a **one-way fired*’ soaking pit. Hot 
gases from outlet ports pass to recuperators (not 
indicated) . 
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equalizes furnace temperature. Flues are located at the 
bottom corners of opposite sides of the pit to remove 
products of combustion and to aid in boat distribution. 
This design was introduced with recuperators and a full 
quota of controls for carrying out program heating. 
Adequate provision for combustion of fuel and careful 
sizing of pits, of nearly square shape, to suit loading 
conditions are incorporated in the* design. 

Another type, which is called the circular pit (Fig- 
ure 21- -6) employs tangential firing from a series of 
recessed burners located in Ihi' lower ponrihery of in- 
clined side walls, to permit unusually long travel of the 
gases and to induce recirculation of the spent gase.s 
before they leave the pits through a centrally-located 
exit port at the bottom of the pit. This design utilizes a 
method for tempering the flame and securing uniform 
pit temperatures through gas circulation. These pits 
normally are fired with a high-calorific fuel and cold 
air in premix or nozzle-mix type burners to obtain com- 
plete combustion of the fuel before the gases come in 
contact with the ingots. 

Still another pit is a refinement of the continuous- 
fired pit furnace, known as the bottom two-way fired pit 
(Figure 21 — 7) . In this design the pits are fired by burn- 
ers located in opposite endwalls about two feci above 
the bottom of the pit. The waste-gas ports arc located 
in the same endwalls at each of the four pit corners and 
the gases on each end go directly to a recuperator. Com- 
bustion of the fuel takes place in a centrally located 
aisle, at the sides of which the ingots are placed. The 
method of firing and the position of the burners and 
Fic. 21 — 5. Schematic elevation and plan view of a waste-gas ports provide turbulence to the flow of gases 
“vertically-fired” soaking pit, with the burner opening in the pit, and results in improved heating of the ingot 
in the center of the pit bottom. (Courtesy, Amsler- bottoms. 

Morton Company.) ^Qp two-way fired pit is a deep rectangular pit in 

which the fuel is fired from opposite ends into a com- 
Figure 21 — 5, the fuel is fired vertically through a port, bustion space above the ingots (Figure 21--8). The 

centrally located in the bottom ol the* pit, around which burners are set to fire horizontally at an angle to the 

the ingots are placed. As the products of combustion rise centerline of the pit to obtain a swirling motion of the 
in the combustion zone, some of the spent gases which gases. Outlet ports are located in the endwalls just 

are moving downward around the ingots and next to above the cinder line. Long-flame burners are used 

the furnace walls are drawn into this inner column of generally to distribute properly heat from combustion 
hot rising gases, and the resulting good circulation above and between the ingots. The flow of gases is Vi‘r- 
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lifting lugs. 




Fig. 21 — 6. Simplified section and plan view (not to same scale) of a tangentially -fired soaking pit. (Courtesy, Salem 
Engineering Company.) 
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Fio. 21—7. Schematic diagram showing principle of firing 
and flow of gases in a side-fired or bottom two-way fired 
soaking pit. Gases from waste-gas ports go to a recuper- 
ator (not shown). 



Fig. 21—8. Diagrammatic elevation and plan view of a top 
two-way-fired soaking pit. Left-hand section of plan view 
is through waste gas ports; right-hand section through 
one of the burners. L^t-hand half of elevation is sec- 
tion through air passages of recuperator; right-hand, 
through waste-gas passages. (Courtesy, Amsler-Morton 
Company.) 


tical, similar to that in the one-way fired pits. In this 
design, the method of firing allows the pit shape to be 
selected that will give the desired coverage; it may be 
built long and narrow or square. Curved (elliptical) 
sides and endwalls, now common to the design of most 
square and rectangular types of pits, are utilized also 
in these pits. 

Auxiliary Facilities— The principal pit-furnace aux- 
iliaries are pit covers, ingot pit cranes, facilities for ingot 
delivery to and from the pits and for cinder removal, 
along with the necessary instrumentation and controls 
for fuel and air supply and draft regulation. 

Pit covers are constructed in various ways, the essen- 
tial parts being a metal framework to support the re- 
fractories and means for quickly removing the cover 
the replacing it upon the pit. In the older pits, the 
metal framework usually was made of cast iron, and 
the bricks were slightly arched for support. The covers 
were supported upon rollers or wheels which moved 
over tracks, originally by the use of hydraulic cylinders 
and later by electric motors. A depression in the track 
permitted the cover to drop, when in position directly 
over the pit, and seal the pit opening. This design, how- 
ever, seldom provided a tight seal at all points and leak- 
age of gases caused high cover maintenance. More 
modem design consists essentially of a heavy steel 
frame which supports a suspended arch of high-grade 
firebrick. They are equipped with either self-actuating 
motors for lifting the cover vertically to free it from 
the sand seal and then move the cover sideways to the 
desired pit opening, or with a cover crane to effect 
similar movements. The cover crane spans a row of pits 
and serves several. The steel frame of the modem pit 
cover is protected on its under side by heat-resisting- 
alloy castings. These castings are provided with a lip 
which penetrates into the sand seal. The sand seal, 
located around the periphery of the top of the pit, is a 
gutter-shaped space filled with sand. The suspended 
arch of a modern cover usually is backed up with insu- 
lation to reduce radiation losses. 

Ingot Pit Cranes — In modem plants, the ingots are 
handled from the ingot delivery cars to the pits and 
from the pits to the ingot buggy by pit cranes. These 
cranes are of the conventional electric overhead design 
except for the trolley and position of the crane cab. 
Instead of the conventional hoist drum or drums, the 
trolley consists of the usual track wheels and a frame 
supporting a vertical housing in which travels a ram 
equipped at the bottom with mechanically operated 
tongs. The crane cab is attached to the lower end of the 
vertical housing and moves with the trolley. This ar- 
rangement of the crane cab is to provide maximum 
vision for the operator in order that the ingots may be 
placed in proper position in both pits and ingot buggy 
without damage to either. The modern pit crane also 
is used to handle coke breeze for bottom making and 
in many installations for actually making bottom. 

Ingot delivery facilities consist usually of a track and 
ingot buggies. The ingot buggies which deliver the 
ingots to the pit are the same ones which held the molds 
for casting at the steel melting shop. The ingots usually 
are stripped of molds at the stripper, but in some cases 
where big-end-up ingots are used, the molds are only 
loosened at the stripper and are later removed by the 
ingot pit cranes, thus reducing heat losses enroute to 
pits. TTie layout of ingot-delivery tracks to avoid 
crossings and switches which interfere with other plant 
movements is very important. Minimizing delay in the 
delivery of ingots from the steelmaking furnace pour- 
ing platform through the stripper and the pit furnace 
building into the pit furnace not only conserves heat 
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but provides belter metallurgical control of quality and 
less conditioning cost of the mill product. 

Mill delivery facilities consist usually of an electri- 
cally-operated ingot buggy or pot car which runs 
directly between the pits and the mill approach table. 
There are two modern types of ingot buggies. On one 
type, the contact of the buggy with a cam arrangement 
at the mill approach table tilts the cradle of the buggy 
and throws the ingot from its vertical position in the 
buggy to a horizontal position on the mill approach 
table. The other type, in order to avoid battering the 
mill tables with heavy ingots and the necessity of ap- 
proaching the tables at a high rate of speed to throw 
the ingot onto the table, is a self-tipping type. This de- 
sign has a motor for driving the track wheels, for tilt- 
ing the cradle, and for turning the table rollers which 
deliver the ingot in a horizontal position to the approach 
table. 

Cinder Removal Facilities — Pit bottoms are made up 
with coke breeze to a depth of approximately 12 inches 
to 16 inches. When this breeze becomes burned or con- 
taminated with scale, refractory or other material, it is 
removed through cinder holes, of which there are 
usually two, located in the bottom of the pit. In modern 
practice these holes, provided with gates at the outer 
end, discharge the cinder into a box located in the 
cinder alley under the pit bottom. The cinder box often 
is supported by a lift tractor or car which carries the 
box through the cinder tunnel to a hoist where it can 
be lifted to yard level and dumped into broad-gage cars 
for disposal. Some plants are equipped with an under- 
ground narrow -gage track system for moving the car 
to the cinder hoist. Bottoms for the older pit designs 
generally are made up each day; in modern pits they 
are made up only every 5 to 7 days under normal con- 
ditions. 

Fuel, air and draft facilities of a soaking pit are ex- 
tremely important as these control furnace temperature 
and atmosphere. In modern pits the quantity of fuel, 
the desired fuel-air ratio and the draft or pressure in the 
pits are controlled automatically. The rate of fuel input 
is controlled by temperature mea.surenient to maintain 
some predetermined level. The air is proportioned to the 
amount of fuel fired at a ratio that will give a slight 
excess or deficiency of air as desired. The furnace draft 
or pressure is controlled by automatically raising or 
lowering the stack damper to maintain the desired fur- 
nace draft. Pit-furnacc burners are of various designs 
to provide the type of flame most suitable for heating 
in each particular pit design. In the regenerative pit 
the port acts as a burner. Some pit designs utilize a 
long-flame burner in which the air and gas are not 
mixed intimately in order to develop slow combustion 
and a longer path of heat release. In others, the mixing 
is very rapid and a short non-luminous flame is de- 
veloped. Some burners are designed to inspirate either 
the gas or air. Low-pressure inspirating burners usually 
employ gas at a low pressure to inspirate air for com- 
bustion. With high-pressure inspirating burners, either 
the gas or air is carried at sufficient pressure to inspirate 
the required volume of the other that is at low or 
atmospheric pressure. Modern pits are provided with 
accurate means for measuring and controlling the air 
volume required for the combustion of fuel. Generally, 
motor-operated fans are used to supply the air. Fans 
are used for delivering either hot or cold air to the burn- 
ers. If recuperators or regenerators are not installed, 
the fans deliver cold air. Fans may be installed in 
some designs on either the cold or hot side of the re- 
cuperator. If on the cold side, the fan construction is 
simple and does not require special features such as 


alloy blades and an insulated casing, as is the case with 
hot-air fans. Cold-air fans, however, subject the re- 
cuperator to a high pressure differential across its 
tubes and joints which sometimes causes excessive air 
losses and lowered recupciTitor efficiency. 

Objectives in Modern Soaking Pit Design — The prin- 
cipal requirements of modern pit furnaces are: 

1. Uniform heating of all ingots in the pit with no 

localized overheating of any ingot. 

2. Heating rate equal to the ability of the steel to 

safely absorb heat. 

3. Sufficient holding capacity to accommodate the re- 

quired number of ingots without overcrowding. 

4. Low operating cost. 

5. Control of furnace atmo.sphcro. 

6. Ability to duplicate heating practices. 

7. Minimum expenditure of ground space. 

8. Minimum capital expenditure. 

The first objective noted above is the most difficult 
to attain. Many different types of pits have been intro- 
duced to solve this problem. Uniform heating of all 
ingots in a pit with no localized overheating of any 
ingot permits holding the highest possible temperature 
in the pit compatible with the ability of the steel to 
absorb heat without sweating the surface or injuring 
the steel from severe temperature strain. Optimum 
heating rates are obtained by holding the surface just 
below the sweating point. This permits the most rapid 
flow of heat by conduction into the body of the steel. 
Since the flow of heat from the surface decreases as 
the temperature of the center of the ingot rises, the rate 
of firing must be reduced as heating proceeds to prevent 
overheating the surface. Variations in firing rate intro- 
duce problems in pit furnace heat distribution, as the 
hottest part of the flame, or the length of travel of heat 
release of the fuel, changes with fuel volume and air- 
fuel ratio. Experience with various pit types generally 
dictates the proper adjustments necessary for variation 
in firing rate. In some cases alterations in fuel-air ratio 
or furnace draft are the remedy chosen. In many in- 
stances, when heating with regenerative pits, and oc- 
casionally with other typt'.s, adjustment for lack of 
uniform temperature distribution is secured by firing at 
a uniform rate for a period of time followed by a period 
during which the pit is dampered and no fuel is ad- 
mitted. During the latter period, the steel is “soaked’' 
to equalize the temperature between ingots in tlie pit 
and between the surface and the interior of individual 
ingots. This practice, known as “firing and danipcring,” 
provides a product with a uniform temperature at high 
production rates even though uneven heating developed 
during the firing period. 

In order to aid uniform heating, circulation of the 
gases in the pit furnace has been given considerable 
thought in modern design. Entrainment of cooler, 
spent gases with the hotter products of combustion, es- 
pecially near the burner, dampens the tendency of the 
flame to develop a hot spot, lengthens the time for full 
release of heat from the fuel and aids in uniform heat- 
ing. Other effective methods utilized for obtaining uni- 
form temperature distributions are: (1) designing the 
burner to release the heat of combustion of the fuel 
over as great an area in the pit as possible to avoid 
concentratior. of heat, (2) developing the flame suf- 
ficiently distat:t from the ingot surface to control radia- 
tion within safe limits, (3) reducing flame emissivity by 
using non-lumincus-flame type burners or the equiva- 
lent, and (4) use of higher pit pressure. A cause of un- 
even heating in pit larnaces is the fact that the top 
of an ingot is exposed to heat from all sides while the 
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bottom rests on a relatively cold unexposed surface. It is 
necessary to compensate for this either by proper dis- 
tribution in the flow of gases in the pit, or, as is done 
in some designs, by maintaining higher effective flame 
radiation at tlie pit bottom. In some cases, as noted 
above, uniform heating is secured only by “soaking.” 
Since the corners of ingots are heated from two adjacent 
sides, these parts reach the desired temperature first 
and, therefore, prevent the carrying of an otherwise 
permissible higher furnace temperature during a con- 
siderable part of the healing time. 

The modem trend in pit design has been to construct 
larger holes than the two to six ingot capacity size for- 
merly used. However, the over-all economy of using 
large pits for small ingots is not favorable for some mills 
and careful study of cycles is required in the selection of 
the proper size of pit. 

Fuel consumption and the maintenance of modern 
pits have been reduced considerably by improved de- 
sign, the installation of automatic controls and better 
materials of construction. Fuel-air ratio control for 
combustion and furnace atmosphere have reduced scale 
losses and the frequency of bottom making. Tempera- 
ture measurements associated with automatic fuel- 
input control have made it possible to duplicate heating 
practices. 

Modern Heating Practices — The time required to heat 
a charge of ingots in soaking pits generally is associated 
with transit time. The heat content of the ingot when 
charged into the pit is related to transit time, and it 
obviously requires less time to heat hotter steel. Transit 
time is the elapsed time beginning with the “start to 
pour” of ingots at the steel-producing source and end- 
ing with the charging of the first ingot of the heat into 
the soaking pit. The heating time required for ordinary 
carbon steels is approximately 1% times the transit time 
when the track time is not excessive. Heating cold 
ingots usually requires from 8 to 12 hours, but, if the 
ingot is unusually large or of some particular type of 
steel which requires special treatment, it may require 
up to 18 hours. 

Modem instrumentation has made it possible to esti- 
mate the relative state of temperature difference be- 
tween the surface and center of the ingot from the 
temperature-time and fuel-input readings. Formerly, 
the heater, by careful observation of the ingots through 
sight holes in the cover and his knowledge of tempera- 
ture requirements for each particular type of steel, de- 
termined when the charge was ready for rolling. \^ile 
this practice is still common with old regenerative-type 
pits, the heating in continuous-fired pits is governed 
largely by automatic controls which carry out the heat- 
ing program desired. 

In heating ordinary grades of hot carbon steel in mod- 
ern pits with automatic control, the operator sets the 
control dial at the temperature level desired for draw- 
ing. A full, or maximum, head of fuel automatically is 
fired into the pits in the early stages of heating. The fuel 
input is cut back gradually as the heat soaks into the 
ingot until it is finally reduced to a minimum, just suffi- 
cient to cover pit radiation losses. When the fuel input 


has remained at this low level for some specific time, 
such as a half hour or more, as experience dictates, the 
ingots are drawn. With high-carbon steel and many 
alloy grades which are cold or have had a long transit 
time, it is customary to cool the pit down to the temper- 
ature of the charged steel before placing these grades in 
the pits. They are then brought up rather slowly to some 
fixed temperature below the rolling temperature. After 
the ingots have been soaked at this lower temperature, 
most types of steel may be heated rapidly to rolling 
temperature. A common practice in heating certain al- 
loy steels is known as step heating. Step heating consists 
in heating ingots to rolling temperature through several 
levels, each level being held for some specific time to 
permit equalization of temperature through the ingot. 
This procedure eliminates stresses due to severe tem- 
perature gradients in the ingots and provides slow, uni- 
form heating. With step heating, it is customary to 
reduce the fuel-rate input considerably below the 
maximum setting permitted for heating ordinary types 
of steels. The best practice for heating each type and size 
of steel may be duplicated with modern control facili- 
ties. The fuel-air ratio control affects the flame char- 
acteristics and the furnace atmosphere. Flame charac- 
teristics have an important bearing on temperature 
distribution in the pit, and furnace atmosphere affects 
scale formation and character of the scale. By control- 
ling the furnace atmosphere to advantage, the frequency 
of bottom making may be reduced, and minor surface 
defects on the ingot (from cooling, pouring or deoxida- 
tion practice) may be corrected or prevented from be- 
coming more serious. 

Operating Statistics — The principal operating data, 
aside from quality of heating and maintenance, relate to 
production output and fuel consumption. For compara- 
tive purposes, production is based generally on “live” 
pit area since there are so many different sizes and types 
of pits. The live pit-hole area is the area available in 
the pits on which ingots can be placed for heating. With 
proper loading this coverage of live pit area amounts to 
approximately 35 to 40 per cent (never more than 50 per 
cent) in modern pits. An average month’s practice with 
modem pits is heating 30 to 100 tons of ingots per hour 
per 1000 square feet of live pit-hole area. This wide 
variation is due principally to the temperature at which 
the ingot is charged and to the type of steel. Other im- 
portant factors causing the wide spread in pit furnace 
productivity are differences in the size and length of 
ingots, irregularity in mill operations and melting-shop 
pouring schedules, and the portion of live pit area oc- 
cupied by the ingots. 

The amount of fuel consumed per ton of steel heated 
varies from approximately 300,000 to 2,000,000 Btu. This 
variation also is due largely to variations in the tem- 
perature of the charged steel. Other factors contributing 
to fuel economy are careful design, proper use of in- 
sulation, reduction of stack-gas losses with recuperators 
and regenerators, proper installation of controls, utiliza- 
tion of the maximum percentage of hearth, controlled 
metallurgical practices, and regularity of melting shop 
and rolling-mill schedules. 


SECTION 3 

REHEATING FURNACES 

Furnace Types— Reheating furnaces are divided into Batch furnaces are those in which the charged mate- 
two general classes: rial remains in a fixed position on the hearth imtil 

1. Batch type. heated to rolling temperature. Continuous furnaces are 

2. Continuous type. those in which the duuged material moves throu^ the 
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SECTION THROUGH 
WASTE GAS PASSAGES 
OF RECUPERATOR 


SECTION THROUGH 
AIR PASSAGES OF 
RECUPERATOR 


Fig. 21—9. Schematic longitudinal section Uirough a recuperative batch -type reheating furnace. 
(Courtesy, Amsler-Morton Company.) 


furnace and is heated to rolling temperature as it pro- 
gresses through the furnace. Batch furnaces are the older 
type and are used for heating all grades and sizes of 
steel. However, .small billets seldom have been heated in 
this type since the introduction of continuous furnaces. 
Batch furnaces are fired with either gaseous or liquid 
fuel, with preheated or cold air for combustion. The air 
may be preheated by regenerators and the furnace firing 
reversed from one end to the other, as in open-hearth 
furnaces. Batch furnaces, in which the air is preheated 
by recuperators, are not reversed and firing is continu- 
ous from one or both ends, depending upon the location 
of the gas outlet port (Figure 21- -9). The steel to be 
heated in a batch furnace commonly is charged and 
drawn through front doors by a charging machine. 
Batch furnaces vary in size from those with hearths of 
only a few square feet, with a single access door, to 
those twenty feet in depth by fifty feet long, with five or 
six doors. 

Continuous furnaces were designed initially for heat- 
ing billets and small bloom sections. The hearths were 
relatively short in length and were sloped downward 
longitudinally towards the discharge end to permit an 
easy movement of billets through the furnace. In early 
designs, the furnaces were fired by burners located at 
the discharge end and the billets were heated by the hot 
gases flowing through the furnace above the top surface 
of the steel toward the charging end. Pushers were used 
to push forward the charge of cold billets. The flow of 
gas and steel in the furnace were counter-current. The 
modem continuous furnace has been altered in many 
respects from those of early design, although a large 
number of the older ones, particularly billet-heating 
furnaces, are still used. Longer furnaces generally are 
constructed now. Some have hearths 80 to 90 feet long, 
with top and bottom firing, and contain preheating, 
heating and soaking zones. The hearths usually are con- 
structed level. A transition from the early designs to the 
modem three-zone slab heating furnace is illustrated in 
Figure 21—10. 

The steel to be heated in a continuous furnace can be 
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Fig. 21 — 10. Diagrammatic steps in the evolution of the 
modem three-zone slab-heating furnace from earlier 
designs. 
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Fic. 21 — 11. Schematic lon- 
gitudinal section through 
a counter-current fired 
continuous reheating 
furnace. (Courtesy, Rust 
Furnace Company.) 



charged either from the end or tlirough a side door. In 
either case, the steed i.s moved through the furnace by 
pushing the last piece charged with a j>ushcr at the 
charging end. As each cold piece i.s pu.shed into tlie fur- 
nace against the continuoub Jine of materiah a heated 
piece is removed. The heated ]Jit}ce is discharged either 
through an end door )jy gravity upon a roller table 
which feeds the mill, oi it is jiushed through a .side door 
to the mill table hy .suitable manual or mechanical 
means. Figures 21 — 11 and 21—12 show sections through 
modern furnaces usii'g counter-current and co-current 
flow of gases and steel, I'cspectively. 

A distinctly difTeront type of continuous reheating 
furnace is the* rotary-hearth type, a cro.ss-section of 
which is shown schematically in Figure 21 — 13. It is 
used frequently for lieating rounds in tube mills and for 
heating short lengths of blooms or billets for forging. 
The rotary -hearth type permits the; external walls and 
roof to remain stationary while the hearth section of 
the furnace revolves. 

General Considerations in Furnace -Type Selection — 
Some of the particular advantages of batch-type fur- 
naces are: 

1. They provide means for heating steels of various 
types and sizes, which can be heated more properly in 
separate batches than when mixed with other typos in 
the same furnace, especially when specific heating prac- 
tices are required. 

2. They arc suitable as a reservoir for holding hot 
steel directly from the primary mill for later rolling in 
the finishing mills. 


3. They can lie operated to heat steel to temperatures 
above 2400 F more sati.sfactorily than a continuous fur- 
nace. Steel can be given a “wash heat,” when desirable, 
without trouble from the jiii'ces slicking together. (Steel 
IS sometimes “wasJied” or heated until an earlier oxide 
scale is melted and a new scale formed, to reduce sur- 
face defects ) 

4. They provide excellent means for soaking steel. 

Some of the important disadvantages of batch fur- 
naces are: 

1. High capital investment per unit of production. 

2. Low hearth area ctficiency. That is, the hearth in 
the conventional type is not utilized fully because of in- 
terference of door jambs and clearance required inside 
the furnace for handling the stock with charging ma- 
chines. 

3. High man-hours per ton of heated steel. 

4. Lack of flexibility for heating steel slowly in the 
lower temperature range. Furnaces must be cooled to 
charge high-carbon steel and some alloy steels. 

5. Length of pieces to be heated is limited by tend- 
ency to bend when they are removed. 

The advantages of the conventional continuous- type 
furnaces are: 

1. High production per dollar of investment. 

2. Low man-hours per ton of steel heated. 

3. Greater ease in charging and drawing steel. 

4. High hearth area efficiency. 



Fig. 21— 12. Schematic lon- 
gitudinal section through 
a co-current fired con- 
tinuous reheating fur- 
nace. (Courtesy, Amsler 
Morton Company.) 
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Fig. 21—13. Schematic arrangement of a relatively -small continuous rotary-hearth heating furnace. 
The plan view (above) shows a section above the hearth near the bottom of the baffle. Larger fur- 
naces of this type have burners firing through both inside and outside walls above the heardi. 
(Adapted from a Salem Engineering Company drawing.) 


5. Better means for controlling the rate of heating at 
all temperature levels. Gradual rise in temperature per- 
mits charging all grades of cold steel without cooling 
furnace. 

6. Less trouble from temperature inequalities be- 
tween each succeeding piece drawn. 

7. High production per square foot of ground space 
occupied. 

8. Can be built for any reasonable length of piece to 
be heated, resulting in higher mill yield, because of 
fewer crop ends from lengths beyond batch-furnace 
possibilities. 

Some of the important disadvantages of conventional 
continuous furnaces are; 


1. Lack of flexibility for heating efficiently small 
orders of different lots of steel or thicknesses. Heating 
time must be increased to suit the heating cycle of the 
piece, requiring lower heat transfer rate which may be 
detrimental to the heating of the other grades and sizes 
in the furnace. 

2. Trouble from water-cooled skid maintenance, and 
from building up of scale on hearth, which results in 
piling of steel in furnace, due to climbing of pieces over 
each other, because of lack of square contact between 
adjacent pieces, when pressure is applied by the pusher. 

3. Face of contacting surface of stock must be square 
to prevent piling. 

4. Expensive to empty furnace at end of schedule. 

5. Difficulty in pushing mixed sizes through furnace. 
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Fig. 21—14. Barrel-type 
furnaces in tandem for 
continuous reheating of 
pierced seamless tubes 
for sizing. Conveyor 
rolls between adjacent 
furnaces support the 
work in its travel. Tem- 
peratures are automat- 
ically controlled by 
radiation-type pyrom- 
eters. 


Some of the important advantages of rotary -hearth 
furnaces are: 

1. They eliminate either the manual labor required 
for rolling roimds forward on horizontal or moderately 
sloped hearths, or the disadvantages of excessively 
sloped hearths in continuous furnaces. 

2. They have better means for controlling the rate of 
heating at all temperature levels than batch-type fur- 
naces. 

Some of the important disadvantages of the rotary- 
hearth furnace are: 

1. High capital cost per unit of production. 

2. Low hearth area ^clency. 


3. Large ground space required per unit of produc- 
tion. 

Some features in both batch and conventional con- 
tinuous furnaces are worthy of note: 

1. Regenerators or recuperators act as a reservoir of 
heat supply, which is especially valuable for efficient 
soaking of steel. 

2. Continuous furnaces provided only with top firing 
require longer hearths for equal production than those 
with top and bottom firing, but do not require a special 
soaking zone to eliminate cold spots on the work caused 
by contact with water-cooled skids. Heating of sizes 
greater than 4 inches thick is not economical in furnaces 
that are top-fired only. 
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3. Continuous furnaces with single-zone firing have 
higher scale losses and greater tendency to cause decar- 
burization of high-carbon steel than the top-and- 
bottom fired furnaces, since the steel is in the furnace 
longer. Decarburization is caused primarily by hydrogen 
and water vapor combinations in furnace gases, and in- 
creases almost directly with the time the steel is at ele- 
vated temperatures. Free air and carbon dioxide in the 
furnace atmosphere cause decarburization to a lesser 
degree. The scaling of steel is practiced sometimes de- 
liberately to remove the decarburized surface layer. 

4. A level hearth in a continuous furnace eliminates 
the stack effect of hearths sloping upwards towards the 
charging end. This stack effect draws cold air into the 
furnaces at the hot end causing higher fuel consumption 
and scale losses. 

5. Batch-type furnaces used for heating in a produc- 
tion line require supplementary furnaces preheating 
certain grades of alloy and high-carbon steels for trans- 
fer into the hotter furnaces. The preheating zone of a 
continuous furnace makes this unnecessary. 

6. Back-fired or continuous furnaces with co-current 
flow of steel and gases subject the steel in the charging 
end to rapid surface heating which is not suitable for 
heating steels that have low thermal diffusivity, such as 
high-carbon and heat-resisting alloys. (Thermal dif- 
fusivity is equal to the thermal conductivity divided by 
the product of mass specific heat times density.) This 
type of furnace provides well-soaked heating for mild 
and medium-carbon grades of steel. 

7. Side-discharge continuous furnaces have less air 
infiltration at the hot end than end-door discharge fur- 
naces. End -door discharge of the usual gravity type in- 
duces cold air into the furnace by the stack effect at the 
discharge section of the furnace. End-door discharge, 
however, is mechanically simpler for removing the 
heated stock, particularly slabs and heavy blooms. 

Furnaces have been developed to raise the tempera- 
ture of steel for hot shaping by exposing the piece to be 
heated to intense radiant energy from gas burners of 
special design, set very close to the path of the steel. 
This method of heating has been very effective in ob- 
taining fast heating for small round sections. The barrel- 
type furnaces in tandem shown in Figure 21 — 14 are 
used for reheating pierced tubes for sizing in seamless- 
tube mills. This method has recently been applied to 
soaking pits. 

The trend in reheating furnace design is towards the 
continuous t 3 rpe, with increased attention to refinements 
to satisfy conditions pertinent to each mill or forge shop, 
or the types of steel being heated. 

Operating Statistics— The production rate of furnaces 
varies widely. Batch furnaces, as a general class, pro- 
duce much less tonnage per furnace operating hour than 
the continuous type. While batch furnaces often are 
used for heating hot charges, as in structural and rail 
mills, continuous furnaces usually are used only for 
heating cold steel. Batch furnaces heating cold charges 
for rolling mills are designed to heat from 5 or 6 tons 
up to 25 tons per furnace hour. When heating a hot 
charge, the production is much higher, and the rate de- 
pends largely upon the temperature of the charged ma- 
terial and the size of the furnace. 

The production of a continuous furnace depends prin- 
cipally upon the hearth size of the furnace and whether 
the material is heated from more than one side. Many 


continuous furnaces heat over 50 tons of slcel per fur- 
nace hour. A modern three-zone slab-heating continu- 
ous furnace, 20 feet wide, with an effective hearth length 
of 80 feet, top and bottom fired, is capable of heating 
110 tons of slabs per hour to a rolling temperature of 
2250*^ F. The productive rate of a furnace for a fixed 
thickness of steel is directly proportional to the surface 
exposed to the flame, other conditions remaining the 
same. For comparison of furnace performance, the rela- 
tive number of pounds heated per efleclive square foot 
of hearth area per hour is used as a common factor. By 
this comparison, furnaces heat from 30 to 150 pounds 
per square foot of hearth area per furnace hour. The 
variation in heating capacity is due principally to the 
difference in the total surface of the steel exposed to 
heat in the furnace, which the hearth area docs not 
measure. Other factors are the temperature of the 
heated product and the grade of steel. In many batch 
furnaces, the material receives heat from three sides and 
in continuous furnaces from two sides. Heating from 
more than one side decreases heating time and, there- 
fore, increases production rates. The production and fuel 
rates of furnaces are affected by continuity of operation 
A furnace will not provide high production rates and 
fuel economy if it is operated for only short intermittent 
periods. It also must be fully loaded to provide optimum 
production and fuel economy. 

The fuel consumption of reheating furnaces varies 
from 300,000 to 3,000,000 Btu per ton. When hot steel is 
heated, very little additional heat may be required to 
attain rolling temperature. If the steel charged is at a 
temperature of 1800“ F, only about 140,000 Btu per ton 
must be added in the furnace to heat to 2250”, whiU‘ 
with cold steel about 700,000 Btu must be added in the 
furnace. If the hot steel requires 500,000 Btu per ton 
input to the furnace and only 140,000 Btu are absorbed. 


the furnace fuel efficiency is ^ or 28 per cent. 

500,000 

If cold steel is heated with a fuel consumption of 2,000,- 
000 Btu per ton, as obtained in many modern furnaces. 


700 000 

the furnace fuel efficiency is about - ^ = 

*,000,000 


i35 


per cent. The best fuel efficiency is obtained in continu- 
ous furnaces that are relatively long, have hearths fully 
covered with steel, and are operated at a high rate of 
continuity. In both batch and continuous furnaces, the 
length of gas travel and the velocity of the gases through 
the furnace have an important effect on fuel economy 
An excessive velocity of furnace gases tends to increase 
the exit temperature of the gases leaving the furnace 
and, therefore, low fuel efficiency results. Fuel efficiency 
is improved by providing features in design that reduce 
the inherent furnace losses. The greatest lo.sses usually 
are represented by the heat carried away in the stack 
gases. Reduction of this loss can be obtained by the in- 
stallation of recuperators, regenerators or waste-heat 
boilers, and by designing the furnace cross-sectional 
area for proper gas velocities. Automatic fuel-air ratio 
and furnace-pressure control reduce stack losses by re- 
ducing the volume of gases from excess air for com- 
bustion, or from air infiltration. Radiation losses are 
reduced by insulation of the furnace walls, roof and 
hearth. Losses from water-cooled skids in continuous 
furnaces can be reduced by eliminating any unneces- 
sary exposure of them to hot furnace gases, and to some 
extent by use of refractory pipe covering. 
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General Design Requirements-Heat-treating fur- 
naces are grouped into either batch or continuous fur- 
naces. There are many different types in each group. 
The simplest furnaces are the direct-fired batch type 
with manual controls. The more elaborate installations 
used for large production lines are continuous furnaces 
with automatic program control. In a number of instal- 
lations, special facilities for controlling the atmosphere 
in the working chamber are provided to obtain the de- 
sired surface condition. The most common heat treat- 
ments performed in furnaces are annealing, normal- 
izing, spheroidizing, hardening, tempering, carburizing 
and stress relieving. Heat-treating furnaces seldom are 
designed for temperatures in excess of 2000® F, and gen- 
erally are operated in the 800“ F to 1600“ F range. They 
are usually well insulated and built tight to prevent air 
infiltration or a loss of special atmosphere gas. Attention 
in design is directed toward procuring uniform tem- 
perature distribution in the working chamber of the 
furnace. The position and method of heat application, 
and die circulation of gases in the furnace, are of major 
consequence in this. In annealing furnaces, means for 
controlling both the rate of heating and cooling of the 
stock usually are provided. Since the required heating 
and cooling rates of different types of steel vary, it is 
necessary to provide flexible means for controlling these 
fimctions. Insulating firebrick is used generally in heat- 
treating furnace construction, due to its low heat- 
storage capacity, to permit heating and cooling the fur- 
nace quickly. For intermittent furnace operation this is 
particularly vital. Attention is directed in design to 
spacing the charge in order to attain the most efficient 
flow of heat around the stock. In coil-annealing fur- 
naces, and in furnaces for heat treating other material, 
special facilities often are provided to improve the cir- 
culation of special atmosphere gases during heating and 
cooling. In all heat-treating layouts, special considera- 
tion is given to providing sufficient furnace capacity to 
maintain the desired time -temperature relation of the 
treatment. Furnaces forced beyond their normal capac- 
ity usually yield an erratic and non-uniform product. 

For handling batch loads of material to be heated, 
quenched, and tempered, quench tanks and cranes 
should be located in such a way that little time is lost 
in getting the material from the furnace into the 
quenching medium. Furnaces also must be arranged so 
that, after quenching, a second furnace is available for 
taking the charge promptly for further treatment. Usu- 
ally three furnaces are provided for operations of this 
type: two for heating and one for tempering. 

In large-scale heat-treating operations, the layout of 
facilities is very important. The furnaces must be ar- 
ranged to suit an orderly flow of material through the 
shop. Adequate space for temporary storage and han- 
dling is necessary for both the raw and the finished ma- 
terial. A sufficient number of cranes or other stock- 
handling facilities of the proper capacity must be 
provided to eliminate bottlenecks or interference with 
prescribed furnace cycles. A central station for the 
preparation of atmosphere gas generally is provided in 
the larger furnace layouts where particular attention to 
steel surface is required. 

In heat-treating furnaces, many furnace parts, such 
as conveyors or rollers in continuous furnaces, radiant 
tubai for indirect firing and covers in coil and pack- 


annealing furnaces, are of metallic construction since 
the temperature seldom exceeds the 800® to 1600® F 
range. Special alloy materials are utilized to reduce 
the maintenance of these parts to a minimum. In select- 
ing the furnaces for a heat-treating plant, careful con- 
sideration must be given to the type of product to be 
heated, to the kind of treatment to be performed, and to 
the prc^uction rate required. The ensuing sections ex- 
plain pertinent factors in design and describe the ap- 
plication of various furnace types. 

Method of Heat Application — The character of the 
material to be heated and the type of treatment to be 
performed have an important bearing on the choice of 
method of heat application. Heat-transfer laws govern 
the flow of heat to the steel in heat-treating as in other 
heating furnaces. The surface of the material absorbs 
heat transmitted to it by radiation or by convection or 
both, and this heat is transferred through the body of 
the material by conduction. In heat-treating furnaces, 
the transfer of heat by convection is relatively more sig- 
nificant than in furnaces operated at a higher tempera- 
ture level. In heat treating steel, the rate of heat transfer 
to the surface is usually low in order that each individ- 
ual piece, as well as all pieces in the furnace, may be 
brought up uniformly to the required temperature level. 
However, in some furnaces which utilize induction 
heating or radiant-type open-flame burners, imiform 



fired muffle type furnace equipped for use of a controlled 
atmosphere in the muffle. Openings in rear provide for 
insertion of control thermocouple and entrance of pre- 
pared atmosphere gas. (Courtesy, Surface Combustion 
Corporation.) 
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Fig. 21—16. Radiant-tube 
fired cover-type furnace 
employed in heat treat- 
ing coils of flat rolled 
products enclosed in in- 
ner covers under which 
controlled - atmosphere 
gas is circulated. (Cour- 
tesy, Surface Combus- 
tion Corporation.) 



heating can be accomplished rapidly with high heat- 
transfer rates. 

Gaseous fuel and electric power are the two main 
sources of heat used in heat-treating furnaces. In some 
cases, fuel oil has been substituted for gas due to a 
shortage of the latter or for economic reasons. In gas 
heating, a number of variations in method of firing are 
used. These variations may be separated into two gen- 
eral classes, direct and indirect firing. Direct firing is 
used more generally. This method permits the products 
of combustion of the fuel to circulate about the mate- 
rial to be heated. In direct-fired furnaces, open burners 
may be used either in the furnace proper or they may 
be installed outside the work-heating chamber in the 
path of an external fan which circulates large volumes 
of hot gases through the furnace. Temperatures attain- 
able in this type of furnace are limited by the materials 
of which the fan is constructed. The latter modification 
is used in convection-type furnaces. In indirect-fired 
furnaces the products of combustion do not enter the 
work-heating chamber. Indirect firing is used in muffle 
furnaces, an example of which is shown in Figure 
21—15. 

Another common application of indirect firing is ob- 


tained with radiant tubes, an example of which is shown 
in the furnace in Figure 21 — 16. Furnaces using direct 
firing are relatively lower in operating cost and original 
capital investment. Furnaces using indirect firing gen- 
erally are selected where the control of furnace atmos- 
phere is of particular importance. 

Electric power is used as a source of heat in many 
heat-treating furnaces due to the ease it affords for con- 
trolling temperature, to its suitability for use with 
protective-gas atmospheres, and to its cleanliness. 
Resistance-type heating elements, which either are im- 
bedded in the furnace refractory lining or suspended 
from heat-resisting hangers, radiate heat to the furnace 
charge. The resistance units are positioned in the fur- 
nace to permit uniform heating. Furnaces with zone 
heating sometimes use electrical resistance units be- 
cause of their easy adaptation to the control of tem- 
perature levels. Another method for heating electrically 
is by induction. Induction heating is done by passing a 
high-frequency alternating current through a coil sur- 
rounding the material to be heated. The coils are shaped 
to suit the material to be heated. The rapidly alternating 
electrical field, in whidi the material to be heated Is 
held, causes the steel to heat very rapidly, due to eddy 



414 


THE MAKING, SHAPING AND TREATING OF STEEL 


SCALE LOSS - BATCH TYPE FURNACE 



Fig. 21—17. Graphical representation of relative amounts 
of scale formed on steel heated in a batch -type reheating 
furnace with variation.s in time of heating, temperature 
level, and heating-chamber atmosphere. (From “Warmes- 
telle.”) 

currents and hysteresis. Due to the rapidity of the 
process, the duration of heating is very critical, neces- 
sitating precise control. 

Atmosphere Control— The effect of a heat-treating 
operation on the surface condition of the work pieces 
is influenced by the time of heating, the temperature 
level maintained, and the atmosphere surrounding the 
material. Figure 21 — 17 shows graphically the relative 
amoimt of scale formed in a batch reheating furnace for 
variations of these conditions. While the temperature 
level in heat-treating furnaces is somewhat lower than 
that shown in the figure, the time is generally longer. By 
using the proper atmosphere in the working chamber, 
a clean scale-free surface is obtained. Such a surface is 
required for most sheet and strip material and other 
important steel products, such as wire and tubes. The 
three gases most injurious to surface condition are 
oxygen, carbon dioxide, and water vapor. The effect of 
each of these, as well as effects from other gases, fol- 
lows: 

Oxygen reacts with the iron of the steel to produce 
iron oxide. For this reason it must be excluded entirely 
for bright annealing. It also reacts with the carbon in 
steel to lower the carbon content of its surface; that is, 
it decarburizes the steel. In some types of controlled 
annealing, oxygen of the air may be caused to scale the 
steel faster than it decarburizes it. This results in a 


product having a decarburized surface layer of mini- 
mum thickness and the scale, being flaky, is easily re- 
moved. 

Nitrogen, in the molecular state, is entirely passive to 
iron and is entirely satisfactory for bright annealing 
low-carbon steels. If pure and very dry, it will be pas- 
sive to high-carbon steel, but the presence of even shght 
traces of moisture will cause decarburization. 

Carbon dioxide and carbon monoxide are considered 
together since the ratio of their concentration in the 
atmosphere plays an important part in their action on 
the steel surface. As an example, if the ratio of carbon 
dioxide to carbon monoxide is 0.6 or higher at 1500® F, 
the atmosphere will scale steel readily. If the ratio is 
reduced to 0.4, or lower, the atmosphere will no longer 
scale steel but will remain decarburizing to a 1 per cent 
carbon steel. For low -carbon steels, a ratio of carbon 
monoxide to carbon dioxide on the order of about two 
to one will be in equilibrium with the steel, and a gas of 
this composition is used to advantage for producing 
bright-annealed sheets. A higher carbon-monoxide con- 
tent actually will carburize the steel. 

Hydrogen is highly reducing to iron oxide, and, there- 
fore, opposes the formation of a heavy, flaky scale and 
when present in the products of combustion, promotes 
formation of a tight scale that is hard to remove. At 
certain temperatures it is absorbed by the steel and is 
likely to result in embrittlement, more particularly in 
high- carbon steel. If the hydrogen is dry, it has no 
scaling effect on high-carbon steel at elevated tempera- 
tures, but it does cause considerable decarburization. A 
common prepared atmosphere which is used for bright- 
annealing work is composed of 75 per cent hydrogen 
and 25 per cent nitrogen. It is formed by cracking 
anhydrous ammonia. Hydrogen is highly explosive if 
mixed with air and particular precaution must be exer- 
cised to prevent air infiltration into furnaces in which 
it is employed. 

Water vapor is oxidizing to iron and combines with 
carbon of steel to form carbon monoxide and hydrogen 
within the temperature range of the “water-gas reac- 
tion.” It is reactive to a steel surface at temperatures 
even as low as 400 to 700® F, and is thus often the cause 
of formation of a blue oxide during the cooling cycle. 

Hydrocarbons, more specifically methane, are car- 
burizing gases. They arc subject to thermal decomposi- 
tion at annealing temperature, liberating hydrogen and 
depositing soot on the steel. 

The most commonly prepared gases for control of at- 
mosphere are formed by the partial combustion of 
hydrocarbon gases, contained in such fuels as coke- 
oven gas, natural gas, propane, or butane. Manufac- 
turers of converters for the preparation of gases de- 
scribe the various kinds under trade names, such as 
“DX” gas, “Drycolene,” etc. The first step in making 
such a gas is to burn a mixture of the fuel gas with air. 
This provides a gas high in nitrogen, but containing 
other undesirable gases including water vapor, which 
must be removed. Other atmosphere gases are prepared 
by (1) cracking a non -combustible mixture of air and 
gas with a catalyst at high temperature, (2) by cracking 
anhydrous ammonia at high temperature, and (3) by 
passing air through a heated retort filled with charcoal. 

Furnaces using controlled atmosphere have a number 
of construction features not incorporated in ordinary 
furnaces. These features are essential to prevent loss of 
gas and to minimize the entrance of air into the furnace 
which would upset the control established. Casings for 
furnaces with controlled atmosphere are welded gas- 
tight. Batch-type furnaces are provided with sand seals. 
Continuous furnaces charged and discharged from the 
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ends sometimes have flame curtains to bum out the 
oxygen from any possible air infiltration, or the furnace 
may be operated imder sufficient pressure to prevent 
air infiltration. In the latter case, a small loss of the pre- 
pared atmosphere usually occurs through the small un- 
avoidable openings in the furnace. Doors, where re- 
quired, are fitted snugly by sloping fronts with groimd 
surfaces or by wedging devices or clamps. 

Batch -Tsrpe Furnaces — The five principal general 
types of batch furnaces are described below; 

1. Box furnaces are constructed with a solid hearth. 
They are shaped, as their name implies, similar to a box 
and are charged through door openings by tongs or 
some mechanical charger. The furnace hearth may vary 
from a few square feet in area to over 30 square feet. 
Heating may be done by direct or indirect fuel firing or 
by electricity. Muffle and semimuffle type construction 
often is employed when control of atmosphere is re- 
quired. This type of furnace is used frequently for 
individual-piece or small-lot heat treating, for labora- 
tory test and shop work, and for general production 
work on a small scale. Box furnaces have been con- 
structed for convection heating cither with a fan under- 
neath the roof or with one external to the furnace for 
recirculation. Furnaces of this type are used for anneal- 
ing, normalizing, tempering and carburizing. 

2. The car -bottom furnace consists of a furnace shell 
equipped with burners or heating units with the hearth 
built upon a separate car which runs in and out of the 
furnace shell to charge and unload the furnace. The car 
usually is moved into and out of the furnace by a 
toothed rack attached to the bottom of the car and a sta- 
tionary pinion actuated by an electric motor, the car 
itself resting on rollers or wheels that move over a two- 
rail track. The doors of the furnace are of the vertically 
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lifting t3q)e, full width of the furnace, and are hydrau- 
lically or electrically operated. In order that the entire 
surface of the charge may be exposed to heat of the same 
intensity and to aid circulation, the charge is supported 
above the floor of the car bottom by heat-resisting alloy 
castings or on refractory piers. The car bottom is made 
to fit the furnace closely and the escape of hot gases 
around it is prevented by sand seals. Car-bottom fur- 
naces have been constructed to process charges from a 
few tons to several himdred tons. They are used for heat 
treating of axles, bars, heavy plates, castings and mis- 
cellaneous shapes. 

For operations involving heating, quenching and tem- 
pering, it is desirable that the quenching tank be located 
in proximity to the furnace to enable the charge to be 
placed in the tank in the shortest possible time. In some 
installations, less than a minute is required to transfer 
the charge from a closed furnace to the quenching tank. 
Car-bottom furnaces may be direct or indirect fired, and 
various designs have been developed to improve heat 
distribution in the working chamber. Electric heating 
also is employed in some car-bottom furnaces. Car- 
bottom furnaces sometimes are constructed of two 
chambers side by side, with a common division wall to 
facilitate annealing and tempering operations. In some 
installations, an auxiliary cooling system employing 
blowers is provided to accelerate cooling. Some car- 
bottom furnaces are known as elevator furnaces where 
the car is rolled under the furnace shell and then raised 
into the furnace by a motor- driven lifting mechanism. 
Those in which the shell is lowered over the car, as 
shown in Figure 21 — 18, are used to provide a more 
complete sand or water seal than is obtainable with the 
conventional car-bottom furnaces. 

3. The bell -type furnace has a removable shell or 

"mm 




Fig. 21 — 18. Charge of mixed sizes of steel bars, supported above hearth by cast-alloy fixtures, ready to be rolled imder 
bell-type furnace body, which then will be lowered over charge. Toothed rack above floor at lower left is driven 
by a pinion to move car. (Courtesy* Surface Combustion Corporation.) 
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Fig. 21— 19. Rotary-hearth 
furnace for heat-treat- 
ing steel. Hearth is 
rotated by a chain-and- 
sprocket drive, seen in 
the foreground. (Cour- 
tesy, Surface Combus- 
tion Corporation.) 


cover. The furnace usually is used for processing ma- 
terial which requires special surface protection from 
oxidation or decarburization. The furnace shell is re- 
moved by a crane and set aside while the hearth of the 
furnace is charged. The shell is then replaced, as was 
shown in Figure 21 — 16. Furnaces of this type, used for 
annealing sheet, strip, rod and wire, usually are called 
box annealing, pack annealing, coll annealing, or cover 
annealing furnaces. In these, the material is stacked on a 
permanent base or stand, a light Inner cover is placed 
over the stack, sealed with sand at the bottom and pro- 
vided with a constant supply of prepared gas atmos- 
phere, and then the portable heating unit is lowered 
over the assembly. The heating covers are square, 
rectangular or cylindrically shaped. Loads vary from 
35 to 400 tons per charge, distributed on one to eight 
stands per base. In most instances, a number of bases 
and inner covers are provided with one or more covers 
for heating. After heating of each charge is completed 
on a base, the heating cover is moved to another base, 
leaving the charge protected by the atmosphere under 
the inner cover which is left in place. The covers may be 
direct fired or equipped with radiant tubes for indirect 
firing, or they may be heated by electrical resistance 
imits. The heating elements are attached to the inside 
of the heating cover, which is built of steel and lined 
with a refractory insulating material and braced sub- 
stantially in order that it can be moved from base to 
base with an overhead crane. Many inner covers are 
made of heat-resisting alloys. All are sealed to the base 
at their bottom edges with a powdered refractory. The 
heating time in a cover annealing furnace for coils of 
sheet or tin plate range from 24 to 44 hours for the 
larger sized furnaces, depending upon the length of 
soaking period required. The soaking period usually is 
about 4 to 12 hours. In furnaces of 150 to 300 tons ca- 
pacity, the average production is about 5.5 tons per hour, 
the fuel consumption about 1,000,000 Btu per ton, the 
maximum fuel-burning capacity about 12,000,000 Btu 
per hour, and the atmosphere-gas consumption about 
1,200 cu. ft. per hour. In pack or box annealing fur- 
naces, natural ges or some inert gas is used to surround 
the charge; the circulation of gases inside the inner 
cover is by natural or forced convection. In cover fur- 


naces for annealing coils, separators are placed between 
each coil to aid in distribution of the gas inside the inner 
cover. The circulation of this gas in a number of mod- 
em installations is forced. The fan is located in the base 
below each stand. The trend in annealing sheet and tin 
plate has been towards the greater use of coils and 
heating by forced convection rather than by the former 
pack method of annealing, in order to obtain higher pro- 
duction and improved uniformity of heating. 

4. Pit furnaces are furnaces of cylindrical or rectan- 
gular shape in which the material is charged and with- 
drawn through an opening in the furnace top. The 
larger furnaces are installed usually with at least part 
of their work chambers below floor level, while many 
of the smaller and shallower furnaces rest on the work- 
ing floor, for convenience in handling material. The ma- 
terial to be processed usually is suspended by a fixture 
or loaded into a basket and .set into the working cham- 
ber, which resembles a “pit.” Pit furnaces employ either 
direct firing or electrical heating, in either case with 
natural or forced circulation. They may or may not be 
equipped with special facilities for atmosphere control. 
Pit furnaces are used for normalizing, hardening, an- 
nealing, tempering, and carburizing. 

5. A salt- bath or lead-bath furnace is another type of 
heat-treating furnace. It is designed to hold a bath of 
molten salt or lead in which the material is immersed 
for treatment. These furnaces are usually small pot-like 
affairs used in batch operations, but some large furnaces 
have been constructed of rectangular shape with depths 
of 15 feet to suit the shape and size of the material to be 
handled, with conveyors or other means for carrying 
out continuous operations. They are equipped usually 
with a hinged cover or a ventilating hood for minimiz- 
ing fumes. Such furnaces are used to obtain uniform 
temperature distribution and close temperature control 
of the work piece. The bath is heated and maintained at 
proper temperature either by electrical resistance or by 
combustion of a fuel. Furnaces with a molten bath for 
heat treating are called pot furnaces when the bath is 
contained in a pot or crucible constructed of a heat and 
corrosion-resistant metal, usually externally heated by 
suitable burners. Other bath-type furnaces may be 
heated by electric current passing through the (salt) 
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Fig. 21—20. Continuous 
disc-roller-hearth type 
of normalizing furnace, 
divided lengthwise into 
zones each having indi- 
vidual automatic tem- 
perature control. 



bath between immersed electrodes, or by immersed re- 
sistance coils or fucl-fircd tubes. 

Continuous Furnaces — In continuous furnaces, the 
material moves through the furnace, and two basic types 
of these are recognized. In one, the furnace is circular 
with a rotating hearth which carries the charge. The 
walls and roof are stationary, and the furnace enclosure 
is made by contacting the walls with the periphery of 
the moving hearth through a sand or liquid seal. In the 
other type, the furnace is composed of a single, long 
straight chamber, or series of chambers, through which 
the material is moved. Differentiation of continuous 
furnace types may be made according to the way the 
material is moved, such as the rotary -hearth, the roller- 
hearth, the pusher, the conveyor, the walking-beam, 
the tunnel, the continuous-strand and the monorail 
types. Modern production methods, dealing with ever 
increa.sing tonnages of material of identical .size and 
treatment, favor the continuous-furnace type best suited 
to the nature of material to be heat treated. 

Continuous furnaces are designed with and without 
auxiliary equipment for atmosphere control. Heat may 
be applied by direct or indirect firing or electrically. 
They are especially suited for zone heating and cooling. 
A brief description of continuous furnace types and 
their application is given below. 

1. Rotary-hearth furnaces are used generally for 
heating pieces that are to be handled individually. 
Typical applications are the heating of gears, shells, 
cylinders, billets, etc., that are to be fixture-quenched 
or handled individually for scale- free hardening with- 
out decarburization, for normalizing or drawing. This 
furnace type is used also for heating smaller parts 
loaded in lightweight trays, and for pack carburizing. 
Charging and discharging are accomplished at the same 
location. Rotary-hearth furnaces are built in a wide 
range of hearth sizes, to heat from a few hundred 
pounds up to 60 tons per hour. A typical rotary -hearth 
furnace for heat treating steel is shown in Figure 21 — 19. 

2. Roller-hearth furnaces are high production, 
continuous -type units, especially suited for uniform 
treatment of large orders of identical material. This 
type of furnace is used widely for bright annealing of 
tubes, stampings, drawn parts, etc.; for normalizing, an- 
nealing, hardening and drawing steel bars; for anneal- 
ing malleable iron, small steel and iron castings, and 
forgings; and for normalizing flat-rolled products. 
Roller-hearth furnaces are constructed as a single fur- 
nace or as a line of furnaces for zone heating and cool- 
ing, and sometimes have an intermediate section with a 
tank for quenching. 

In some modem furnaces used for continuously treat- 


ing short lengths of sheet, disc rollers made of heat- 
resisting alloys with polished surfaces are utilized to 
reduce the cooling effect of full contact with the ordi- 
nary type of roller and to avoid scratching of the piece. 
The discs are staggered and mounted upon water- 
cooled shafts, which are driven by variable-speed 
motors either through a chain and sprocket system or 
shafts and gears. A gas-fired normalizing filtnace with 
automatic pyrometric control is shown in Figure 21—20. 
Furnaces of this type are built up to 100 inches in width 
and vary from 120 to 200 feet in length, the larger ones 
having capacities for normalizing up to 300 tons per 
24-hour day. Sheets undergoing treatment in roller- 
hearth furnaces may be protected further from contact 
with rollers of whatever type by the use of rider sheets, 
which are placed on the rollers and support the work. 
Cover sheets on top of the work also may be used to 
further increase protection. Rider and cover sheets may 
be used repeatedly before they must be scrapped, since 
they generally are made of alloy steel. 

3. Pusher-type furnaces are of two general types. In 
one type the parts are pushed against each other, as in 
the continuous reheating furnace. In the other type, the 
parts are loaded in trays or other types of carriers 
which are pushed through the furnace. 

4. Conveyor-type furnaces are constructed similarly 
to roller-hearth furnaces except that belt conveyors are 
used to carry the material through the furnace. They 
are suitable for accurately heat treating small miscel- 
laneous pieces which would not ride properly on a roller 
hearth. Belt conveyors are made of alloy material of 
sufficient strength to carry the load and are resistant to 
heat, oxidation, corrosion and abrasion. A number of 
different designs of conveyors are utilized to satisfac- 
torily meet the requirements. Some conveyors consist 
of several individual chains held on constant centers by 
spacer bars provided with suitable projecting lugs upon 
which the load, such as sheet or plate cut to length, 
rests. Many other belts are constructed of open mesh or 
woven chain to permit free circulation of hot furnace 
gases or protective atmosphere, while another construc- 
tion utilizes pans or trays connected to a roller chain to 
carry the material. The production rate or heating cycle 
in this furnace type is controlled both by the tempera- 
ture setting and by varying the speed of the conveyor. 

5. Walking- beam furnaces employ a special mecha- 
nism within the furnace, known as a “walking beam*’ to 
move the material through the furnace. The walking 
beam consists of a number of alloy supports or beams 
which are arranged in rows of two or more beams to the 
row, throughout the length of the furnace. The beams 
are staggered with the one immediately ahead, and are 
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Fig. 21~21. Tower-type furnace in a continuous annealing line in a tin mill. The furnace proper, surrounded by 
structural-steel operating platforms, is 64 feet in height, and is heated by a combination of gas-fired and electric 
heating units. It liaf an annual rated capacity of approximately 136,000 tons. 


placed in longitudinal slots in the furnace hearth. They 
are attached from below to toggles or cams that inter- 
mittently raise the beams, move them forward, and 
then lower them, thus depositing the material on the 
beams ahead. By this step action the material is moved 


through the furnace at the desired rate. This furnace 
type is used commonly for tubes, bars, structural shapes 
or similar material. 

6. In tunnel-type furnaces, the stock to be heated is 
placed upon cars which then are pushed or pulled 
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slowly through the furnace. This furnace type was used 
at one time for continuous box annealing of sheets. 
Furnaces used for this purpose sometimes reached 300 
feet in length and were built in the form of a long 
tunnel, not necessarily straight, nor with a level bot- 
tom. The sheets were piled upon a base and sealed in a 
box for annealing. The box then was placed upon a 
small car which was pushed into the furnace. As the 
furnace was full of these cars, one car was removed as 
each car entered the furnace. 

7. Continuous strand-type furnaces have been de- 
veloped to reduce the extra handling and the long heat- 
ing and cooling periods required in annealing sheet and 
tin plate in coil form. Heat treating uncoiled strip pro- 
vides greater possibilities for the control of the time- 
temperature requirements for the entire piece and, 
therefore, a more uniform product. A coil can be 
processed in a matter of minutes or a few hours com- 
pared to the long cycle required in a batch furnace. 
Another special advantage of this furnace type is that 
other operations, such as cleaning or coating, may be 
combined with the heat-treating process to avoid extra 
handling and tlie expense of duplicated handling equip- 
ment for separate lines. Continuous .strand-type fur- 


naces are constructed either as horizontal or vertical 
units. Furnaces of the latter type of construction are 
sometimes referred to as lower- type furnaces and are 
used primarily to conserve floor space. Furnaces of this 
type utilize either electric or radiant-tube heating or 
both. 

Figure 21—21 shows a modern tower-type furnace 
for annealing cold -reduced material at one stage in 
the manufacture of tin plate. 

The horizontal type of continuous -strand furnace 
sometimes utilizes catenary su.spension of the uncoiled 
strip, where neither rolls nor any other type of support 
are used throughout the heating zone. The heating zone 
of these furnaces may be from 20 to 50 feet in length. 
The preheating and cooling zones usually are con- 
structed shorter than in the conveyor type and for some 
kinds of work are omitted entirely. 

8. In overhead monorail furnaces, the material under- 
going heating is suspended from rods that serve as 
hangers or even may be welded to the .suspension rods. 
The suspension rods are attached at their up])er ends to 
the carriers that operate on the monorail. If the rods are 
welded to the work pieces, they arc removed afttT the 
assembly leaves the heating furnace. 
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CONSTRUCTION AND OPERATION 
OF ROLLING MILLS 


SECTION 1 

TYPES OF MILLS 


General Classirication-->Thc three principal types of 
rolling mills used for the rolling of steel are referred to 
as two-highy three-high, and four-high mills, shown 
schematically in Figure 22—1. As the names indicate, 
the classification is based on the manner of arranging 
the rolls in tlie housings, a two-high stand consisting of 
two rolls, one above the other; a three-high mill has 
three rolls, and a four-high mill has four rolls, arranged 
similarly. When rolling is in one direction only on two- 
high mills, and the piece is returned over the top of the 
rolls to be rerolled in the next pass, the mill is known as 
a pull-over or drag-over mill. This type of mill formerly 
was used mainly for production of light sheets and tin 
plate; it still is used by merchant mills for rolling of tool 
and high-alloy steels. On two-high reversing mills, the 
direction of rotation of the rolls can be reversed, and 
rolling is alternately in opposite directions, with work 
done on the piece while traveling in each direction. The 
long mill tables of reversing mills make it possible to 
handle heavy pieces in long lengths that would be im- 
practical to roll on ordinary two-high mills, or to handle 
on the lift tables of a Ihree-high mill (see below). The 
reversing two-high type of mill occupies an important 
position in the industry and, with the use of manipu- 
lators, it is possible to produce on it slabs, blooms, 
plates, billets, rounds, and partially -formed sections 
suitable for later rolling into finished shapes on other 
mills. In all three-high mills, each roll revolves con- 
tinuously in one direction; the top and bottom rolls in 
the same direction and the middle roll in the opposite 
direction. The piece is lifted from the bottom pass to the 
return top pass by mechanically-operated lift tables, or 
by inclined approach tables. Usually the large top and 
bottom rolls are driven, while the smaller middle roll is 
friction driven. This latter roll is about two-thirds the 
size of the other two rolls, in order to permit removal 
through the housing windows. Four-high mills are used 
for rolling flat material, like sheets and plates, and rep- 
resent a special type of two-high mill for both hot and 
cold rolling, in which large (idler) backing-up rolls are 
employed to reinforce the smaller (driven) working 
rolls. The use of four-high mills resists the tendency of 
long working rolls to deflect, and permits the use of 
small-diameter working rolls for producing wide plates, 
and hot- or cold-rolled strip and sheets of uniform gage. 
These mills often consist of a number of stands spaced 
closely together in one continuous line and are known 
then as tandem mills; the product passes in a straight 
line from one stand to the next. In cluster mills, each of 
the two small working rolls is supported by two (or 
more) backing-up rolls. This latter type of mill is used 
for the rolling of thin sheets. 


ARRANGEMENT OF MILLS 

A single stand mill, which may be either two-, three- 
or four-high, and either reversing or non-reversing, 
represents the most common arrangement for rolling a 
wide range of products, including blooms, slabs, plates, 
sheets, and various sections. Guide, loop, and cross- 
country mills are made up of several two- or three-bigb 
stands, or a combination of both, and are used for rolling 
of merchant-bar sections. Guide mills are small hand 
mills consisting of several stands of rolls in a train. Mills 
in train have the rolls of separate stands in the same 
line, the rolls of one mill being driven from the end of 
the rolls of an adjacent stand. Guide mills take their 
name from the metal guides which support the piece in 
the correct position during its passage through the 
grooves of the various passes. For example, it is possible 
to roll from an oval section to a round in one pass, pro- 
vided the oval is supported by metal guides. In many 
guide mills it is the practice of the catchers, in order to 
save time, to start the piece through each of the passes 
before it is through the preceding one, thus forming a 
loop, resulting in this arrangement being called a loop- 
ing mill. The layout of a mill of this type is shown in 
Chapter 30. There originated in Belgium the plan of set- 
ting up an independent roughing stand preceding the 
finishing train of the looping mill. This arrangement be- 
came known as a Belgian mill. On looping mills, it was 
found that the loop could be made mechanically by a 
tube or horse-shoe type trough, called a repeater, and 
thus dispense with the hand catchers. Prior to the loop- 
ing mill, the piece was rolled throughout the entire 
length in one pass before it could be entered in the next 
pass. The looping arrangement eliminates the tempera- 
ture difficulties encountered with long lengths. The 
shapes produced range from simple rounds and 
squares to intricate special shapes, but must be rela- 
tively small in cross-section. The cross-country mill is 
so named because of the scattered location of its roll 
stands, and was developed for rolling sections that, due 
to size or shape, are not adaptable to loop rolling. These 
mills involve the continuous idea, but the stands are 
placed so far apart that the piece must leave one set of 
rolls before entering the next (see Chapter 30). To save 
space and to avoid complicating the drives, the stands 
usually are arranged in two or more parallel lines, and 
the direction of travel of the piece is reversed during 
the rolling by employing transfer and skid tables. This 
arrangement results in a high-production mill of great 
flexibility, which may be used for a wide range of prod- 
ucts, including structural shapes, rails, and splice bars 
A continuous mill consists of several stands rolls ar- 
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Fig. 22—1. Schematic representation of roll arrangements in the principal types of rolling mills. 


ranged in a straight line (in tandem), with each suc- 
ceeding stand operating with roll surface speed greater 
than its predecessor. Such a mill is illustrated diagram- 
matically in Part 2 of Chapter 25. Reduction takes place 
in several passes at the same time until the piece 
emerges as a finished shape from the last roll stand. This 
type of mill is in very common usage for rolling strip, 
sheet, billets, bars, rods, etc. A semi -continuous mill 
comprises also a four-high reversing roughing stand 
for reducing the piece prior to entering the continuous 
mill for reduction to the finished shape. This arrange- 
ment gives moderately high production with lower first 
cost than a continuous mill. Combination mills are those 
in which the roughing or major part of the reduction is 


performed in a continuous mill, and the shaping in a 
guide or looping mill. 

SPECIALTY MILLS 

The universal mill is a combination of horizontal and 
vertical rolls, usually mounted in the same roll stand 
(Figure 22 — 1). The mill is made up of two-high (and 
occasionally three-high) horizontal rolls, with vertical 
roll sets on either or both sides of the horizontal stand. 
The vertical rolls also usually are driven. The direction 
of the piece is reversed after each pass in the mill. The 
universal mill is used to a limited extent also for plate 
product that requires rolled edges (see Figure 22 — 2 ), 
A special type of universal mill, known as the Gray 
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Fig. 22 '2. Diagrammatic layout of the principal parts of a universal mill for rolling plates. 


mill is well adapted for rolling beams and H-sections 
of great width and depth without taper on flanges (see 
Figure 22 — 3). The horizontal rolls work on the web 
and flange thickness, while the idler vertical rolls in 
the same stand work simultaneously on flange thickness 
only. The roughing stands and intermediate stands are 
of the reversing type, and each has a separate stand of 
driven horizontal edging roUs which work on the flange 
height only. The finishing stand consists of the horizon- 
tal and vertical rolls in which the beams are given one 
pass only. 

The Wenstrom mill is a similar modification of a 
universal plate mill, designed principally for rolling 
flats. Instead of acting upon the top and bottom and the 
two sides at different times, it does this simultaneously. 
The top roll can be adjusted vertically, and the bottom 
roU transversely, whereby pieces of different thickness 
and width can be produced with the same set of rolls. 
The Sack universal mill, designed principally for rolling 
cruciform sections, has horizontal and vertical rolls 
which act upon the piece simultaneously, the general 
arrangement being much like that of the Wenstrom 
mill. A somewhat similar principle is employed in the 
Schoen mill for roUing of railroad car wheels, whereby 


the tread and flange are rolled simultaneously with 
the web, while rotating the forged wheel blank in a 
vertical position. This is accomplished by a pair of 
driven web rolls, and an idler tread roll in simultaneous 
contact with the wheel blank. A pair of idler rim rolls 
controls the width of rim (see Chapter 31). 

For rolling of billets, rods, and narrow slabs, a con- 
tinuous mill called a Morgan mill may be used (see 
also Chapter 40). It consists of a series of horizontal 
roll stands arranged one after the other, so that the 
piece is being rolled in a number of stands at the same 
time. The drive for each stand is through bevel gear- 
ing, with roll speed of each stand so proportioned that 
each set of rolls travels at a greater speed than neces- 
sary merely to compensate for the increase in speed 
due to elongation of the piece in the preceding pass, 
in order to keep the piece under tension at all times. 
Twist guides may be used to turn the piece 90 ® between 
passes. The Garrett mill (see also Chapter 40) is used 
for rolling small rods; it reduces the billet section in a 
roughing mill, which may be a looping train of three 
stands, or two or more stands arranged in tandem, 
followed by two trains of four or five stands each, 
lying end to end along two parallel lines in close prox- 
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trolled amount between passes with only a very slight 
reduction in each stand due to rolling. 

Die rolling is the process of rolling a string of blanks, 
each of which has varying cross-sectional area pro- 
duced by heavy reductions, and specified center to cen- 
ter length. When sheared to length the blanks are of 
identical shape. Products such as automobile axles and 
crankshafts are produced satisfactorily by die rolling. 
The blanks are rolled with or without flashing, depend- 
ing upon the particular product section. 

For producing seamless tubing, the types of piercing 
mills include the Mannesmann or parallel- axis barrel- 
type roll piercing mill, the 60® cone-roll piercing mill, 
and the Stiefel or 180* disc mill. For the operating 
principles of these piercing mills, refer to Chapter 41. 
A continuous tube rolling mill, built in 1948 by National 
Tube Division of United States Steel Corporation, con- 
siiSts of nine tandem individually powered stands of 
two-high grooved rolls. The rolls in the consecutive 
stands have their axes at 90 ® with each other. A cylin- 


drical mandrel extends entirely through the pierced 
billet and passes through the mill with the work piece. 
The reheated tubes are processed in a tension reducing 
mill consisting of sixteen two-high roll stands, without 
the use of a mandrel. For producing buttweld pipe the 
Fretz-Moon tube mill may be used. The skelp on 
leaving the furnace enters the first pair of rolls which 
form the piece downward, with the edges still apart. 
The second pair form the complete circle and bring 
the edges of skelp together, and the welding of the 
edges by their own heat takes place. The mill actually 
consists of three pairs of horizontal rolls and three pairs 
of vertical rolls. The last four pairs reduce and size the 
pipe, and furnish traction for pulling the skelp through 
the furnace and forming rolls. 

Opportunity will be given in later sections to become 
better acquainted with the operating details of most 
of these mills. The types of rolls used in the more com- 
mon mills, and their manufacture, will be discussed in 
Chapter 23. 


SECTION 2 

ROLLING-MILL ACCESSORIES 


Many of the accessories of rolling mills are common 
to all types of mills, differing in design and operations 
to conform with the conditions in a particular mill. 
In addition to the rolls (described in Chapter 23), es- 
sential parts include the mill drive, lead spindle, pin- 
ions and their housings, spindles and coupling boxes, 
chock bearings, screws and screw-down mechanism, 
edgers, front and hack mill tables, manipulators and 
side guards, entering and delivering guides and roll- 
changing devices. The newer mills may be equipped 
also with various control devices, such as pressure 
meters and automatic roll-setting devices. Many of 
these parts are discussed in the description of particular 
types of mills in later chapters. In the following, a 
discussion is presented of those parts essential to the 
operation of the rolls. To aid in locating some of the 
various parts described below, Figure 22 — 4 shows a 
cross-sectional diagram of a high-lift reversing bloom- 
ing mill. 

Lead Spindle — ^The lead spindle is used to connect 
the prime mover with the pinions, and may be of the 
universal type, either short-coupled, or long with car- 
rier bearings, depending on the position of the motor 
in the layout. If short-coupled, standard flexible cou- 
plings can be used. The lead spindle is attached to the 
bottom pinion of two-high mills, and to the center 
pinion of three-high mills. If the pinions are of the 
universal type, they can be of generous proportions, as 
their diameter is not limited by the space available. 
Lubrication of all working surfaces is important. Grease 
usually is applied through a system of holes drilled in 
the jaws, and connected to various designs of spring- 
loaded cavities in the spindle body. The connection 
at either end of the spindle may be made by a coupling 
box, which is a hollow cylindrical casting corresponding 
in section to the wobbler, with one end fitting the 
spindle and the other the pinion (see Figure 23—1 of 
Chapter 23). The coupling box usually is made delib- 
erately as Ae weak spot of the mill, either on the lead 
spindle or the spindles on the roll end. In the event 
of extreme overloading of the mill, the box breaks and 
disconnects the motor from the mill The minimum 
length of spindle is slightly over twice the length of 
the coupling box that is used. 

Pinions— The pinions are gears serving to divide the 


power transmitted by the drive between the two or 
three rolls, driving the adjacent rolls in opposite direc- 
tions. If twin-motor drives are used, no pinion.s are 
required, since the power is transmitted directly to 
each roll. The earlier pinions had either spur teeth 
or a divided face and staggered spur- type teeth, but 
the present practice is to use double helical teeth. The 
helical gears give a smoother drive, as some parts of 
the teeth are in contact at all times, making the trans- 
mission of power continuous. When rolling certain 
grades of materials, operation of the old type of pinion 
with spur teeth was characterized by jarring of tlie 
meshing teeth. This mechanical jarring was transmitted 
to the rolls and produced marlcs on the product being 
rolled. Pinions are made of ca.st or forged steel They 
are mounted in babbitted bearings and sot in housings 
similar to those used for roll stands. The pinion stand 
must be of adequate strength to withstand the over- 
turning effect of the full and maximum torque of the 
drive motor. Housings should be sealed to eliminate 
dirt and scale, and forced lubrication should be pro- 
vided for the pinions. Except in plate, direct-drive and 
universal mills, the distance from center to center of 
pinions determines the size of the mill. The pinions 
absorb about 6 per cent of the power transmitted. 

Spindles are used to connect the pinions with the 
rolls if the mill is not a direct-driven type; in the latter 
case the spindle is connected directly to the motors. 
Spindles are made of cast or forged steel and are fitted 
at each end with wobblers similar to those on the rolls 
(Figure 23 — 1), or with the universal couplings, de- 
pending upon the type of mill. The bottom spindle 
runs in spring-balanced carriers, and the top spindle 
is supported at its center of gravity by carrier bars 
balanced hydraulically or by counterweights (Figure 
22 — 4). The spindles are supported by babbitt or com- 
position bearings, and should operate as nearly level as 
possible to prevent excessive power loss. It is very 
difficult to operate with a spindle more than 15 degrees 
out of level. This angle may be kept within the desired 
limits by increasing the length of the spindles. If the 
angularity is greater than 6 degrees or 7 degrees, a 
universal coupling should be used, in which case the 
ends of the wobbler are cut from a section of a sphere 
to give them the rounded form necessary to permit 
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them to work at different angles, and the spindle is mill maintenance, and, as an automatic greasing system 
supported by saddle bearings in a carrier which rises is used for lubrication, a clean mill operation is effected, 
and falls with the top roll and holds the spindle in Figure 22 — 5 is a horizontal section through the center- 
place (see Figure 22—4). line of a bottom work-roll chock (sometimes called 

The Bearings— The bearings, which support the roll chuck) on a 160-inch four-high reversing plate mill, 
necks and align the rolls, may be of two general types; Chock Bearings — ^The chocks usually are made in two 

roller bearings or the older chock-type bearings. One parts, the bearing with the surface of its lining in con- 
type of roller bearing is illustrated diagrammatically tact with the roll neck, and the chock, which holds the 
in Figure 22 — 5. bearing in place against the roll neck. The bearings 

may be lined with babbitt or may be made with babbitt, 
brass or bronze inserts or they may be non-metallic 
''/////(W y/^/A/ bearings of the phenolic-resin type. 

The alloys used in the bearings vary considerably. 

; , BEARING CHOCK Table 22 — I gives an approximate composition of some of 

■ ' r 1 more common alloys used for bearings. 



Fic. 22—5. Horizontal section through the center- 
line of a bottom work-roll chock on a plate mill 
equipped with roller bearings. 

Roller bearings first were used for rolling mills in 
Czechoslovakia in 1921 and in Sweden in 1922, where 
they were applied to small hot-rolling mills. In Amer- 
ica, use of the roller bearing accompanied the develop- 
ment of the cold-reduction mill for strip and sheet, 
and its adoption has been extensive since 1932. The 
development of this type of bearing was slow on ac- 
count of the dif6culties that had to be overcome; 
namely, (1) the roll necks had to be of adequate diam- 
eter to withstand the rolling loads; (2) the roll necks 
had to be kept free from wear; (3) the bearings had 
to permit quick roll changes; (4) the bearings had to 
permit adjustments of the roll laterally as well as ver- 
tically; (5) the bearings had to be self-adjusting to 
take care of slight changes in the shape of the rolls 
caused by heating and bending; (6) the bearings had 
to have ample carrying capacity; and (7) in case of roll 
breakage, provisions had to be made to keep the bear- 
ings ^emselves from being damaged. Roller bearings 
are now common in new mills, although they have not 
replaced entirely the chock type of bearing, which 
possesses the advantage of greater simplicity of con- 
struction. 

Modem roller bearings are showing extremely long 
life, with resulting lower cost per ton of product. Mills 
equipped with roller bearings may be expected to use 
from 15 to 20 per cent less power for the main drives 
than mills using bronze or conventional bearings. As 
roller bearings require no adjustment for bearing wear, 
greater tonnagds can be rolled with less variation in 
section from piece to piece, permitting requirements 
to be met with greater ease and improved mill yield. 
Roller bearings also result in a general reduction in 


Table 22 — ^I. Compositions of Typical Bearing Metals 
(Per Cent). 



Cu 

Zn 

Sn 

Sb 

Pb 

Metal 

(%) 

(%) 

(%) 

(%) 

(%) 

Red Brass 

85 

15 

— 

— 

— 

Yellow Brass 

65 

35 

— 

. — 

— 

Bronze, No. 1 

85 

— 

15 

— 

— 

Bronze, No. 2 

82 

15 

3 

— 

— 

White Metals 

— 

— 

10-15 

12-20 

65-80 

Babbitts* 

— 

— 

59-91 

4-12 

0.35-26 


• As, 0.1 max.; Bi, 0.08 max.; Fe, 0.08 max. 

The tin in babbitt bearing metals can be replaced 
satisfactorily in most instances by substituting lead- 
base babbitts for tin-base babbitts and making, in some 
cases, additions of silver or arsenic to increase the 
hardness of the alloy at elevated temperatures. 

As bearings made of all of these metals are soft and 
not very strong, it is necessary to insert them in sup- 
porting castings which are set into the housings. These 
castings are box-like in shape, each one containing on 
one side a semicircular groove corresponding to, but 
larger than, the necks of the rolls. In order to reduce 
weight, the castings are cored out, and may be of 
either iron or steel. 

Reference has been made above to the use of bearings 
of the phenoUc resin type. These composition bearings 
of a laminated type operate with water as a lubricant 
and have replaced the bronze and babbitt types of 
bearings on a number of mills, including some bloom- 
ing mills, plate mills, bar and billet mills, rod mills, 
strip mills, skelp mills, tube mills, three-high sheet 
mills, and structural mills. Bearings of hard wood, with 
water as a lubricant also have been used successfully 
for certain mills. The advantages of the composition 
and wooden bearings include longer life, freedom from 
greasing, and reduced power requirements. Failure of 
this type of bearing in some mills may be due to one 
of several causes. The heat conductivity of such bear- 
ings is very low, and heat generated by friction must 
be removed continuously with adequate cooling water. 
Roll necks for these bearings must be smooth to prevent 
excessive bearing wear. 

Arrangement of the Chocks — ^In a two-high mill, a 
chock is placed under each of the necks of the bottom 
roll and above each of the necks of the top roll. In 
case the top roll is adjustable, light bearings must be 
placed also under the necks of this roll for support; 
the upward thrust of the top-roll balancing device is 
exerted against these supporting bearings. The top-roll 
balance is for the ptirpose of keeping: (1) the top-roll 
necks in contact with the upper chock bearings; (2) the 
chocks tight up against the screw points; and (3) the 
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screw-thread surfaces in contact. On heavy mills, the 
counterbalance may be of the overhead hydraulic- 
cylinder type connected to an accumulator system, or 
of the underneath co\mterweight-and-lever type; both 
tsrpes of counterbalances can be compared in Figures 
22—4 and 25 — 8. On small mills, screw bolts extending 
through the housing serve the same purpose. The ex- 
posed half of the necks of the lower roll usually will be 
covered to protect them from scale, etc. 

The arrangement of chocks in three-high mills is 
more difficult. The simplest way is to place double- 
groove chocks between the top and middle and the 
middle and bottom rolls, and then set them in the 
housings one above the other, so that all the adjusting 
made necessary by the wearing away of the bearings 
and the material of the rolls themselves may be made 
with large screws in the top of the housing that can be 
turned to move upward or downward. However, this 
arrangement causes the bottom bearing to wear down 
rapidly and increases the power required to drive the 
miU, owing to the additional friction induced on the 
bottom bearing by the weight of the upper two rolls 
and their chocks. This faiilt may be overcome in two 
ways: (1) by making the bottom roll fixed and support- 
ing the weight of the upper two rolls and their chocks 
on the shoulders of the chocks themselves, the distance 
between rolls may then be regulated with shims, or 
“liners,” by adding or removing the shims as the bear- 
ings wear down; (2) a better way, and the one most 
often employed in modem mills, is to make the middle 
roll fixed, in which case the bottom roll is raised or 
lowered by an adjusting wedge attached to a screw in 
the housing which permits it to be moved back and 
forth with a wrench from the outside of the hoxising. 

In all mills, two-high as well as three-high, the top 
chocks are held down by two strong screws which work 
in threaded holes or nuts in the tops of the housings. 

The functions of the chocks are not only to furnish 
vertical bearings for the rolls but also to prevent their 
movement laterally as well. This lateral displacement 
of the roll is prevented by the inner edge of the bearing 
which is formed to fit against the shoulder of the roll. 
Adjustment for wear in this direction is provided by 
adjusting screws which extend through the side of the 
housing and bear on the ends of the chocks. This lateral 
adjustment is a matter of great importance in rolling 
sections that require grooved rolls, the reason for which 
is self-evident. 

Housings — ^There are two housings for each stand of 
rolls (see Figure 22 — 6). They may be made either of 
iron or steel, the choice of materials depending upon 
the size of the mill and the strength required. Grenerally 
they are of annealed cast steel, but housings may be 
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Fig. 22—6. Diagrams indicating principal parts and their 
names for (left) a closed-top housing and (right) an 
open-top housing. 

of welded steel construction, heavy plates or slabs. The 
housings are of an “O” or “U” form, each having an 
opening called the window, which serves as a recepta- 
cle for the bearings. Housings may be either closed top 
(O) or open top (U). In the former, the base, the two 
legs and the top are all in one piece, while in the latter, 
the top will form a separate part which can be removed. 
The base of the homing is cast with a projection on 
each side to form the feet In the bottom of each foot 
is cut a groove which fits over a shoe, running parallel 
to the roUs. Suitably shaped bolts then serve to clamp 
the foot of the housing to the shoe, which is fastened 
firmly to the foundation by long bolts. This method 
permits the housing to be moved laterally, and facil- 
itates the lining up of the mill. The tops of the two 
housings in a set are prevented from spreading apart 
by suitable tie rods or, in the case of open-top housings, 
the top for both housings may be cast in one piece. 
Similarly, tie rods usually will be placed at the bottom. 
Recesses or other openings are cast in the inside face 
of each housing to receive the supports for the guards 
and guides, these supports being usually in the form of 
square rest bars which extend from housing to housing 
in front of the rolls. The immense pressure applied to 
the rolls between the top and bottom of the housing 
acts as a stretching force on the uprights of the 
housings; the degree to which the housings resist this 
force is an important factor in determining the reduc- 
tion that can be effected in one pass and also the exact- 
ness with which the thickness of the piece is controlled. 
The uprights of the housings sometimes are referred to 
as posts. 

A screw-down mechanism is used on mills to position 
the top roll for each pass through the mill, except on 
continuous and three-high mills where fixed passes are 
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Fzg. 22—7. Schematic diagram of the main operating parts of a typical manipulator, showing motion of the lifting 
fingers that raise ingot by a comer in the process of turning it 90 degrees. 
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used. The top roll is adjusted by screws which extend 
through the top of each housing. The screw-down 
bearings are of roller or antifriction type. The trans- 
mission of power was first accomplished by hydraulic 
pressure, but in modem mills the speed of the opera- 
tion has been greatly increased by electric drives. On 
one recent installation, the maximum rate of raising 
or lowering the top roll is 38 feet per minute, compared 
with 2 or 3 feet per minute on the older mills. On small 
mills where the adjiistment is only occasional, the 
screws will be operated by hand with spanner bars. In 
all cases, compression of these screws is unavoidable 
and, combined with the stretch of the housings, pro- 
duces the spring of the mill, which in some cases is 
surprisingly large. 

Edgers or edging rolls are used to give a imiversal 
or rolled edge to the product. The edging unit may be 
a roll stand separate from the horizontal stands, but 
in the universal-type mill the edging unit usually is 
attached to the main-roll housings. The edging unit 
consists of two vertically-mounted rolls, each manip- 
ulated by screws of identical size, so that they move 
in unison in opposite directions with respect to the 
centerline of the mill. Each roll is operated through a 
screw-down mechanism like that used on the top hor- 
izontal roU of a reversing or universal-type mill, with 
the exception that the motion is horizontal instead of 
vertical. 

Front and back roller tables feed and receive the 
piece during each pass. Their speed should be matched 
closely to that of the rolls, and the width should be 
the same. On reversing mills these tables are subject 
to heavy usage due to impact from turning the piece, 
and should be of rugged construction. Forged steel 
generally is used today in making the rollers, which in 
new miUs are mounted in roller bearings and equipped 
with automatic lubrication. In the older mills, bronze 
or babbitt bearings are lubricated by hand. The rollers 
usually are electrically driven by a line shaft through 
miter gears. 

The manipulator consists of a pair of side guards, 
stroking laterally over the rollers of the front or back 
mill tables, usually on both sides of the mill (Figures 
22 — 7, 22 — 8 and 22 — ^9). The manipulators operate to 
turn the piece between passes, to move it to another 
pass, and to straighten it when necessary. Most manip- 
ulators are constructed so that both horizontal and 
vertical motion is possible. In most mills, these units 
are operated by electric or hydraulic power. Depending 
upon the size of ingot or section to be manipulated, the 
height of side guards may run up to 48 inches. Lifting 
fingers, always on the front manipulator and sometimes 
on the back one abo, are incorporated in the guard 
or guards toward the drive side. These have a vertical 
or nearly vertical stroke and serve to lift the piece by 
a comer in the process of turning it 90 degrees. 

Guides and Guards — In order to prevent collaring and 
to instire that the piece enters and leaves the pass in 
the correct position, gtiides are employed. These guides 
vary in form and size to fit the conditions. In some 
cases, they are merely grooved fore-plates; in others, 
they are blimt-edged plates set up in front of the 
collars, dividing the space in front of the rolls into a 
series of pigeon holes; in large mills rolling heavy sec- 
tions, they may take the form of grooved rollers; in 
the smaller mills like the guide mills, they are trumpet- 
shaped castings that fit close up to the roll and have 
exit openings to conform to the shape and size of the 
section of the entering piece; in continuous mills they 
may be constructed so as to twist and thus turn the 
piece between two successive passes. Guides may be 
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Fig. 22—8. Schematic representation of the actions of the 
principal parts of a manipulator in turning a slab 90 de- 
grees. The mechanisms have been simplified and exag- 
gerated in size for the sake of clarity. 
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Fig. 22 — 9. Blooming mill 
in operation rolling a 
round section, showing 
location of manipulator 
with respect to stand. 
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Fig. 22—10. Schematic representation of guides and guards applied to a three-high mill. 
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employed on both sides of o pass, in which case they 
are designated as entering guides and delivery guides. 
They are held in place by means of the rest bars 
previously mentioned in connection with the housings. 
Guards are devices employed mainly on the delivery 
side of the mill to control the direction of the piece after 
leaving the pass. Reversing and three-high mills are 
provided wi& guards on both sides of the mill (see 
Figure 22-10). 

BoU-changiiig devices are dependent upon the con- 
struction of the mill housing. The rolls in an open-top 
housing are changed by removing the housing cap and 
picking out the rolls separately or collectively with 
crane slings. Roll changing in closed-top housings 
is accomplished throu^ the window of ^e horising 


either. (1) by using a counterwei^ted porter bar, (2) 
by a sleeve utilizing the ingoing roll as a counter- 
weight, or (3) by a “C” hook. All of these methods re- 
quire overhead crane service to remove the rolls one 
at a time. The rolls are pulled out of the housing by 
attaching a socket fitting over the protruding roll necb. 
In some large modem mills, a roll-changing rig is used 
to remove worn rolls and install new ones. The rig is 
placed in a permanent mounting, level with the housing 
sill, and consists of a rack-and-pinion motor-operated 
crosshead mounted on a rail frame. It withdraws both 
top and bottom rolls with their respective bearings, all 
at one time. The old setup is removed from the rig by 
the crane and the new rolls and beatings are mounted 
on the rig to be pushed back into the mill 



Chapter 23 

ROLLING-MILL ROLL MANUFACTURE 


SECTION 1 

ROLLING-MILL ROLL DESIGN 


Principal Parts of Rolls— Of the essential parts of the 
rolling mill, the rolls are of the greatest interest, as 
they control the reduction and shaping of the metal. 
There are three parts to a roll; namely, the body, or 
the part on which the rolling is done, the necks which 
support the body and take the rolling pressure, and the 
wobblers, where the driving force is applied through 
loose-fitting spindles and boxes which together form 
a sort of ingenioiis universal coupling. These parts are 
shown in Figure 23—1. 

A plain-stirface or cylindrically-bodied roll is used 
(in pairs) for rolling sheets and plates, while for bars 
and shapes, grooves of suitable design are turned in 
the roll bodies. Such grooves are called passes. 

Figure 23—2 shows two examples of grooved rolls:— 
a three-high set of rolls with 98 degree diamond passes, 
with the roughing-down operation from a billet indi- 
cated by the hatched lines, and a two-high set of rolls 
with grooves for rounds. Rolls are turned as required for 
a multitude of shapes. Figure 23—3 shows some of these 
grooves or passes and their nomenclature. The dotted 
lines over each pass show the cross-section of the piece 
leaving the preceding pass and entering the pass in 
question. 

Procedure in Designing — When a new section has 
been approved for rolling, a detailed drawing of the 
section is sent to the roll designer, together with in- 
structions to proceed with the design. 

In most cases, though not all, a cold-finishing templet 
of the section is made which is an exact cross section 
of the bar to be produced by rolling. This is the 
starting point in the design. The templet work is done 
by skilled artisans called templet filers who must work 
to very close tolerances. As the bars are finished hot, a 
certain amount of shrinkage takes place in cooling. To 
allow for this shrinkage it is necessary to prepare a 
hot-finishing templet to which the rolls are turned. 
The shrinkage varies with different finishing tempera- 
tures but, on the average, is %4 inch to the inch. 
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TWO HIGH ROUND 
FINISHING SET 

Fig. 23—2. (Above) Set of three-liigh rolls with diamond 
passes, showing the seven passes used m roughing down a 
billet to a round-comered square section. (Below) Two- 
high set of rolls with grooves for finish rolling of rounds. 



Fig. 23—1. Nomenclature of the parts of a roUing-xnill roll and the units that connect it to 
the motive power driving ffie mill. The broken lines indicate position of the parts when 
the roll is raised. 
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Fn. 2^-3. Diagrammatic reprasantati(m of soma common typas of roll groovaa or paaaaa. Tha croaa-hatched portions are 
axial sections of tha roll bodies. Dotted lines indicate cross section of the piece entering each pass. 
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Fig. 23—4. This illustra- 
tion shows the operation 
of a roll lathe, turning 
grooves in a shape roll. 



The passes in tlie design are drawn very accurately 
from the finishing pass to the starting billet, bloom or 
ingot. Where it is necessary to use a definite size of 
billet or bloom, the design must be shaped so that the 
available billet or bloom will be satisfactory. 

Plants having primary blooming mills have an ad- 
vantage in that special sized billets, blooms, or shaped 
blanks may be made exactly to the size required. 

In designing the passes, it is customary to draw each 
preceding pass, from tlie finishing pass to the initial 
pass, over the succeeding one, and the roll designer 
judges the correctness of the design by this method, 
drafting the passes in the form which his knowledge 
and experience has shown to be proper. This part of 
roll design has been referred to as intuitive ability in 
design and is a faculty not readily transferred to others. 

When the templets have been prepared, drawings are 
made and roll castings ordered from the drawings. 
When the castings have been received, the rolls are 
turned on special lathes to match the drawings and to 
an exact fit of the templets. As will be learned in Sec- 
tion 2 following, rolls are cast from either iron or steel, 
with or without alloying elements, depending upon the 
use to which they are to be put. 

Roll lathes are different from the usual machine lathes. 
They are very rigidly constructed and all tool move- 
ments are made by screws and wrenches. Figure 23 — 4 
shows a roll turner at work on a shape roll. 

The pass guides usually are designed by the roll de- 
partment and are a very necessary part of any success- 
ful roll design. Many shaped sections are so cut in the 
rolls that they would have a tendency to wrap around 
the rolls unless stripped from the pass by guides. Enter- 
ing and delivery pass guides also serve their purpose 
in guiding and delivering bars into the proper pass in a 
straight line. Figure 22—10 illustrated the guide prin- 
ciples. 

Elements of Good Roll Design— In the designing of 
rolls there are many points to be observed if the design 
is to be satisfactory. 


In determining the number of passes, one point to be 
remembered is that the fewer the passes, the smaller the 
roll expense. Drafts (amounts of reduction per pass), 
however, must be suited to roll diameters and plant 
heating capacity so that roll breakage will be small, 
and excessive use of power will be avoided. 

The passes must be designed with liberal tapers on 
the various parts so that they may be dressed to templet 
with the minimum possible reduction in diameter. 

A successful design also takes yield into consideration. 
A minimum of section variation, giving a bar uniform in 
size from the front to middle and back, insures good 
yield. Yield is defined as a measure of good product 
made from a given quantity of starting material. 

The tonnage which may be obtained from the rolls 
also is important. The design which permits the greatest 
tonnage to be rolled before it is necessary to scrap the 
rolls because of their reduction in size, due to dressing 
to eliminate the effects of wear, gives the lowest roll 
cost. 

In roll design, the fact that material being rolled 
elongates and also spreads in proportion to the draft 
must be given the most careful consideration, as this 
is the fundamental principle m rolling, and the proper 
directing of this elongation and spread is vital to the 
success of a roll design. 

Spread of the various kinds of material must be taken 
into consideration, as there is a great deal of variation in 
spread of steels. Roll speeds must be considered in the 
design. High speeds in many cases restrict spread and 
low speeds increase it. Low speed permits heavy drafts, 
while high speed requires lighter drafts. 

Temperature of the steel is also a factor. High tem- 
peratures permit heavy drafting, while low tempera- 
tures call for lighter draft. 

Roll diameter also is important. A roll of large di- 
ameter is strong and permits heavy drafts without roll 
breakage, and also, because of the large diameter, the 
area of contact of roll on bar is large, permitting easy 
entrance (see Chapter 19). Rolls of small diameter re* 
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quire less power to drive, reduce spread and increase 
elongation, but are more easily broken, and heavy 
reductions cannot be taken readily on them as the area 


of contact between the work-piece and roll is small. 

All these points and many more miwt be given full 
consideration in any successful roll design. 


SECTION 2 


CASTING OF ROLLING-MILL ROLLS 


The selection of the proper grade of roll to be used 
in any of the various stands of the rolling mills is most 
important. In general, primary mills such as blooming 
or slabbing mills require a roll in which strength is 
paramount. Such rolls are subject to tremendous shock 
and extreme pressures in the rolling of large ingot 
masses with heavy reductions. The heat from the ingots 
transmitted to the roll also has a tendency to cause 
surface or fire cracks through differential expansion 
of the surface, and the strength and toughness of the 
rolls must be such as to resist the further development 
of these cracks. The original plain-carbon steel roll 
containing 0.30 per cent to 1.50 per cent carbon, used in 
the past for such applications, now has been supplanted 
largely by the alloy-steel roll of greater strength and 
dtirability. 

From the primary mills through the secondary and so 
on to the fin^hing mills, the required rolls generally be- 
come smaller and harder and any of a variety of roll 
grades may be used; carbon-steel or alloy-steel rolls for 
roughing, iron or alloy-steel rolls for intermediate 
work, and the various grades of iron-base rolls for the 
finisl^g stands. Specifically, however, each roll must 
be custom made to suit the requirements of the in- 
dividual mill by a procedure within the limits of the 
manufacturer’s equipment. For this reason, no two 
manufacturers use exactly the same procedure for the 
same roll and each must apply his own specifications 
for a given requirement. 

Steel-base rolls, as now produced, generally are cast 
from steel made in acid open-hearth furnaces, while 
iron-base rolls are usually made from metal melted 


in reverberatory-type air furnaces. In some cases, both 
types of rolls are made of material melted in electric- 
arc furnaces, either acid or basic. Althou^ the funda- 
mentals for making steel and iron rolls are similar in 
many respects, important differences exist. 

STEEL-BASE ROLLS 

In the casting of steel rolls, as indeed in the casting 
of any shape, the greatest importance must be attached 
to the control of directional freezing of the molten 
metal in the mold after casting. To insure soundness in 
the casting, solidification must occur progressively from 
the smallest to the largest cross section. Shrinkage 
occurring in each step of solidification must be com- 
pensated for by still-molten metal drawn from adjacent 
unfrozen regions. Shrinkage of the interior of the 
largest section, which is last to freeze, is compensated 
for by a feed-head or sink-head of large volume pro- 
vided to act as a reservoir for molten metal (see 
Figure 23—7). To obtain the advantage of gravity feed 
during this freenng-feeding process, as well ^ to 
satisfy mechanical requirements, the feed-head is al- 
ways placed on top of a roll mold which has been set 
vertically on end, as shown. The effective cross-sectional 
pattern thus obtained should approach the shape of an 
inverted cone. Due, however, to the required design of 
the roll and the general rule that the drive end is best 
placed down, this optimum arrangement is often dis- 
torted or even inverted. In these cases provision must 
be made to control the freezing pattern by artificial 
means. This may be done in several ways, one of which 
i.s “padding” or adding extra thickness of metal to 


Fio. 23—5. Illustrating use 
of a sweep in preparing 
a mold for casting a 
steel roll. (Courtesy, 
Pittsburgh Rolls Corpo- 
ration.) 
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Fig. 23—6. Assembling the 
two halves of a mold 
for a steel roll. (Cour- 
tesy, Pittsburgh Rolls 
Corporation.) 


sections which are loo small to solidify in the proper 
manner in relation to the balance of the casting. In- 
creasing the rate of freezing by inserting heavy metal 
blocks, rings, or segments, called chills, in the mold, 
close to the stirface contacted by the molten metal, is 
still another means for controlling the freezing pattern. 
Consideration must be given also to the fact that, in 
addition to increasing the freezing rate, chilling in the 
manner described also promotes formation of a dense, 
refined outer skin of the roll at the contact areas, which 



Fig. 23-*7. Schematic section of a mold for an 
alloy-steel blooming-mill roll. 


in most cases is very desirable. Although rolls are 
made with meticulous care in both molding and pouring, 
particles of the mold sand frequently are entrapped ac- 
cidentally on the surface and, in order that these or 
other surface defects will be removed properly during 
subsequent machining, rolls are cast slightly oversize. 
The extra stock thus cast on a roll must be of such 
thickness that, in those instances where heat treatment 
precedes the other processing, the tough, heat-treated 
skin will not be removed during subsequent machining. 

The initial step in the manufacture of steel rolls is 
that of examining the blue print of the roll; the com- 
position and heat treatment are determined from the 
requirements indicated. The pattern is designed after 
applying the metallurgical and mechanical considera- 
tions discussed above. This pattern is generally in the 
form of a sweep; that is, a flat board carved on one edge 
to conform to the longitudinal contour of the roll as 
modified for casting, with provision on the other edge 
for fastening the sweep securely to a spindle or axle 
(Figure 23 — 5). Then the plan of manufacture is given 
to the operating section. 

The steel flasks or containers for roll molds are 
cylindrical in shape, and designed to separate into two 
longitudinal halves. Proper molding sand is first rammed 
into each half, after which the sweep mounted on 
the spindle is attached to the half flask and rotated, 
cutting the sand before it to the shape of the sweep 
contour. The same procedure is used on the second 
half-mold. Figure 23 — 5 shows a mold used for casting 
a large-diameter universal-beam mill roll. After mold- 
ing, the half-molds are baked in drying ovens at tem- 
peratures somewhat above 400* F to drive out moisture 
and bond the mold thoroughly. Figure 23 — 6 shows the 
two halves of a mold being put together. Figure 23 — 7 
shows the vertical section of a mold for an alloy-steel 
blooming-mill roll in position for pouring. Rolls are 
bottom poured and the metal enters the bottom neck 
throiigh a gate tangent to the periphery of the neck. 
This is to set up a swirling motion of ^e metal as it 
enters the mold This centrifugal action concentrates 
dirt and foreign particles in the center of the rising 
molten metal in the roll mold, and as the metal continues 
to rise, they are carried to the top into the sink-head. 
The dotted lines seen in Figure 23—7 show the outline 
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Flc. 23—8. Inserting chill> 
ing rings in a mold for 
a steel roll. (Courtesy, 
Pittsburgh Rolls Corpo- 
ration.) 



of the finished roll. The excess of metal at the top is 
either burned off before, or cut off during, the machin- 
ing operation. The cavity in the sink-head is formed by 
feeding molten metal in the head to the roll body to 
compensate for shrinkage during solidification. 

Figure 23 — 8 shows cooling or chilling rings being 
placed in a roll mold and Figure 23 — ^9 shows the mold 
being smoothed over and near completion. Figure 23 — 10 
shows some structural-mill rolls having the chills re- 
moved. In this type of mold, the chill rings located in 
the passes play their most important part by imparting 
a fine-grained structure to those parts of the roll which 
form the major wearing surface. 

After the allov-steel rolls are taken out of the molds. 


by an operation called shaking out, they are ready for 
heat treatment. An example of this heat treatment is 
that used for a chromium -molybdenum alloy-steel roll 
for a blooming miU, containing 0.80 to 0.90 per cent 
carbon, 0.70 to 0.80 per cent manganese, 0.25 to 0.30 
per cent silicon, 1.00 per cent chromium, 0.25 to 0.30 
per cent molybdenum, and a maximum each of phos- 
phorus and sulphur of 0.04 per cent. After shakeout, 
the roll is brought to the heat-treating furnace and 
placed in the furnace in a manner to allow full access 
of heat to all parts. It is brought up slowly to 1700 ® F 
and allowed to cool in the furnace to 1000 * F, and 
then is reheated to 1550 ® F. At this point, the roll is 
removed from the furnace and air-cooled to 1000 * F, 



Fig. 23—9. Smoothing over 
the face of one-half of 
a roll mold, after inser- 
tion of chilling rings. 
(Courtesy, Pittsburgh 
Rolls Corporation.) 
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Fig. 2^—10. Removing the 
chilling rings from 
steel-roll castings after 
they have been shaken 
out of the molds. (Cour- 
tesy, Pittsburgh Rolls 
Corporation.) 



replaced in tlie furnace and brought back up to 1250 " F, 
after which it is allowed to cool to 300 * F and removed 
from the furnace. The heat treatment varies with the 
size and chemical composition of the roll. 

After heat treatment, the roll goes to the roll lathe for 
removal of extra stock on the top neck and thorough 
testing of the roll body. Any defects which cannot be 
removed by the rough turning result in rejection and 
scrapping of the roll. 

A special type of alloy-steel roll is the built-up roll. 
These are used for backing-up rolls on four-high plate 
and strip mills. The solid backing-up roll as used on 
large four-high mills is a difficult one to cast. The large 
volume of the casting induces strain during cooling due 
to the unequal cooling between the roll surface and its 
center. Due to this unequal cooling, cracks are very apt 
to occtur in the casting. In the built-up roll, the center 
arbor or mandrel is relatively small in diameter and 
easier to cast. It also cools more uniformly than a large- 
diameter solid roll, and is less liable to strain and crack- 


ing. The outer shell also is easy to manufacture and, 
due to its construction, can be heat treated to be much 
harder than the arbor. Figure 23—11 shows a built-up 
roll of special construction. In some cases, solid rolls 
which have been dressed down repeatedly in service are 
reduced further and fitted with sleeves and returned to 
service. 

Another type of roll is the forged-steel roll. This 
roll is forged from an ingot of suitable size and, after 
being normalized in a heat-treating furnace, is turned 
close to the finished size. A hole is then bored longi- 
tudinally through the center of the roll to facilitate 
hardening by quenching after heating to the proper 
temperatime. This type of roll is used mostly for the 
cold rolling of flat material. One of the favored com- 
positions for a roll of this kind is: carbon, 0.85 per cent, 
manganese, 0.25 to 0.30 per cent; phosphorus and 
sulphur, below 0.05 per cent; silicon, 0.25 to 0.30 per 
cent; chromium, 1.60 to 2.50 per cent; molybdenum, 0.25 
per cent; and a trace of vanadium. 


ROLL SLEEVE 



Fzfi. 23—11. Cron-saction of a built-up rolL 
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IRON^BASE ROLLS 

The iron -base roll diRers from the steel-base roll 
principally in per cent of carbon, the steel roll con- 
taining from 0.30 to 2.50 per cent carbon, whereas iron 
rolls contain from 2.50 to 3.50 per cent. The material for 
iron rolls usually is melted in an air furnace using 
powdered coal as fuel. The flame is less oxidizing than 
that used in open-hearth operation and there is less loss 
of elements. 

In the manufacture of iron rolls, a wide range of 
composition is employed to obtain the desired char- 
acteristics such as hardness, strength, resistance to 
spalling, and depth of dense, refined grain structure. 
Table 23 — ^I stunmarizes the general range of elements 
for various types of rolls, and rolling-mill applications. 

The normal charge for the melting furnace in tlie 
manufacture of iron rolls contains 25 per cent pig iron 
and 75 per cent worn-out rolls, heads and gate scrap. 
If lower carbon content is desired, a certain percentage 
of low-carbon-steel scrap makes up a part of the charge. 
Alloys, such as nickel, chromium and molybdenum, if 
required, are also added with the charge. 

When the iron is melted and sufficiently hot, two 
samples are taken, one for chemical analysis and the 
other for a test block which is cooled and broken. From 
the chemical analysis and the test coupon, the roll 
metallurgist determines the necessary additions of al- 
loys for the type of roll being cast. The metal is tapped 
in a ladle and, when the correct temperature is reached 
(2425 * to 2650 “ F) , poured into previously prepared 
roll molds. After cooling from one to four days, the 
rolls are shaken out, heat treated if necessary, and ma- 
chined to specifications. 



Fig. 23—12. Vertical section of mold for 
casting a plain-bodied roll, or a shape 
roll in which grooves are machined from 
the solid (dotted lines). 


Cliill Rolls — ^Figure 23 — 12 shows a roll-mold ar- 
rangement for casting a plain-bodied roll, or a shape 
roll in which the grooves are machined from the solid. 
The wobblers and necks are cast in sand but the body 
of the roll is formed by heavy-walled cast-iron cylin- 
ders, known as chills. The purpose of these chills is to 
cool the molten iron quickly after it has been poured 
into the mold, while the necks and wobblers, being 
molded in sand, are not subjected to fast cooling. The 
carbon in molten iron is in solution. If the molten iron 
is allowed to cool slowly, the carbon in excess of 0.82 
per cent separates as graphitic carbon and is distributed 
throughout the mass. But if iron of the proper com- 
position is cooled rapidly from the liquid state, the 
carbon combines with the iron to form cementite 
(FeaC), which is very hard and white in color. The 
depth of case on the body of the roll, induced by the 
fast cooling of the molten iron in contact with the chill 
mold, depends upon the chemical composition of the 
iron (see Chapter 18). As the mold loses its chilling 
effect, carbon starts to come out of solution to form a 
mottled area immediately below the hard case. This 
mottled area consists of a mixture of graphite, cement- 
ite and iron. Since the interior of the roll cools slowly, 
gray iron forms therein. Another factor controlling the 
depth of chill is the diameter of the roll being cast. As 
the diameter increases, the chilling rate is retarded due 
to greater cross-sectional area. On a 30-inch diameter 
roll, the following composition would give a clear chill 
about % inch in depth, and a mottled area about %-inch 
deep before reaching the portion composed uniformly 
of gray iron: 


Element 

Carbon 

Silicon 

Phosphorus 

Manganese 

Sulphur 


Per Cent 
3.00 
0.65 
0.40 
0.25 
0.08 


To improve the finish of the mill product and reduce 
spalling and wear, various alloys are added such as: 
nickel, chromium, molybdenum and vanadium in bal- 
anced proportions to control chill depth and roU struc- 
ture. 

Since the case or chill on the rolls is hard and brittle, 
there is a practical limit to the depth a roll can be 
chilled without causing failure through breakage. In 
general, chill specifications will vary between and 
inches in depth, depending upon the product to 
be rolled and the amoimt of diameter reduction through 
dressing expected to be permissible before the roll is 
scrapped. 

Grain-Iron Rolls — For certain applications, such as 
the intermediate stands of some hot-strip, plate, rod 
and merchant mills, where shock, temperature and ex- 
tremely heavy loads frequently result in spalling, fire- 
cracking and breakage, chill rolls are not practical. 
This applies also to rolls for billet, rail and structural 
mills, with deep grooves or passes. To meet these re- 
quirements, an iron composition commonly referred to 
as grain iron is used. Sufficient alloys, such as chromium 
and nickel, are added to control hardness and to in- 
crease strength while silicon or other graph! tizers are 
used to resist formation of a definite chill. While these 
rolls do not give the quality of finish obtained from a 
true chilled-type roll, they have deeper penetration of 
the refined structure, with increased strength. The 
grain-type rolls become softer and the gray iron coarser 
progressing inward from surface to center, and this 
less desirable structure is encountered as ^e deeper 


Table 23 — Types, Compositions and Uses of Iron Bolls 
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Fig. 21^—13. Schematic representation of the vertical sec- 
tion of a mold for casting a composite iron roll. 


passes are cut in a roll. To overcome this characteristic, 
rolls calling for deep working passes are molded similar 
to steel rolls, as shown in Figures 23 — 8, 23—9 and 23 — 
10 in Section 1 on steel rolls. The inserted iron rings 
promote a finer structure and better wearing metal in 
the passes. 

Composite or Overflowed Rolls— High-alloy rolls (1.50 
to 2.50 per cent chromium and 4.00 to 5.00 per cent 
nickel with 75 to 90 Scleroscope hardness) used in cold- 
reduction mills and finishing stands of some hot-strip 
mills, would, if cast solid, have hard, unmachinable 
necks. Casting strains are quite severe in this type of 


roll To overcome these objectionable features, a differ- 
ent method of pouring has been developed as shown 
in Figure 23—13. The mold is made in the regular man- 
ner, except that a spout is connected to the top neck 
cavity a few inches above the body of the roll. Metal 
of high-alloy content is poiired until the metal reaches 
the run-off spout. Pouring is stopped and a small 
amount of metal of a composition that produces much 
**softer** iron than the first high-alloy metal is poured 
down the runner to keep the ingate from h-eezing. After 
a predetermined time, pouring of the “soft” iron is con- 
tinued, washing out through the spout connected to 
the top neck and into a “nugget pot” the still-molten 
hard roll metal that has not been chilled and solidified 
by the iron mold which forms the body of the roll. When 
sufficient “soft” iron has been introduced into the mold 
to wash out the still-fluid iron in the center of the 
roll, the pouring is stopped, and a plug inserted in the 
overflow spout. The same iron used to flush out the 
molten hard iron from the interior of the roll is intro- 
duced into the top neck either by pouring directly 
down through the neck or through a gate attached to the 
top neck just above the run-off spout. 

A roll poured by this method will have an extremely 
hard fine-grained structure for a depth of 1 to 2 inches. 
The necks will be machinable and the central part of 
the roll will be strong, the hard brittle iron having been 
replaced or diluted by the soft “flush iron.” 

Ductile-Iron Rolls — ^With the recent development of 
“ductile” or “nodular” cast iron, some manfacturers 
have produced rolls of this material which is made by 
the addition of magnesixim or rare earth compounds to 
iron of restricted analysis. 

The remarkable strength and toughness of this iron 
results from the nodular shape of the free graphite in 
the structure as contrasted with the flake graphite com- 
mon to gray iron. This iron, if properly made and heat 
treated, develops properties which approach the 
strength and ductility of steel. 
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Chapter 24 

MILL DRIVES AND POWER REQUIREMENTS 


SECTION 1 


INTERRELATION BETWEEN ELECTRIC-POWER SUPPLY 
AND THE DEVELOPMENT OF MAIN MILL DRIVES 


During the first part of the nineteenth century, rolling 
mills were driven by water wheels and low-pressure 
steam engines. The power was transmitted to the mills 
by direct mechanical connection, through suitable 
shafts, gears and couplings. Because of the low steam 
pressures used, short steam lines were necessary. As 
a result, many small boiler houses were built adjacent 
to the mills. Most of the engines were of the simple 
non-condensing type and this factor, together with 
the small, hand-fired boilers used, resulted in high-cost 
operation. Coal had to be delivered to the boiler houses, 
ashes disposed of, and steam lines maintained. In some 
plants, compound condensing engines were used, re- 
quiring a supply of cooling water and a sewer system. 
When the mills were shut down over the weekend, the 
steam lines had to be kept hot, as the contraction set up 
by cooling the line resulted in lealcs at the joints. Nearly 
all of these early mills have been replaced, during the 
last twenty years, with modern electrically -driven mills 
that, while fewer in number than the mills they replaced, 
have a much greater combined capacity. 

With the development of the electric generator and 
motor in the latter part of the nineteenth century, a 
new and more efficient method of driving rolling mills 
became available. Instead of direct mechanical connec- 
tion of the mills with the power source, generators 
could be placed in a convenient central location, and 
electric power could be transmitted over wires to motors 
attached to the mills. The generators could be driven 
either by gas engines, steam engines, or steam turbines. 

Shortly after 1890, internal combustion engines were 
developed to operate on blast-furnace gas. This by- 
product fuel was available at all blast-furnace installa- 
tions and at this period either was used for making 
steam or was wasted. The gas engine could use this 
fuel direct and thus eliminate the investment for a 
boiler house required for a steam engine. These gas 
engines were used as the prime movers for blast- 
furnace-blowing equipment and also for driving elec- 
tric-power generators. This type of drive was selected 
for both the blowing units and the generators at the 
Gary Steel Works when this plant was designed in 
1908. At that time, gas-engine-driven generators were 
available in sizes having outputs up to 2000 kw, and 
fifteen such imits were installed. A few years later, 
the size was increased to 3000 kw, which equalled the 
largest generator driven by a reciprocating steam engine 
at that time. The gas-engine-driven generator installa- 
tion at Gary was the first sizeable steel -mill power 
house in the United States, and made possible the use 
of 6000-horsepower motors to drive the mills. At a later 
date, the maximum size of the gas-engine-driven gen- 
erators was increased to 6000 kw and three units of this 


size were installed in the South Works, Chicago, Illinois. 

While the development of the gas engine was progress- 
ing, another prime mover had entered the field— the 
steam turbine. Both the steam engine and the gas engine 
were slow-speed machines and, when used to drive 
electric generators, the speed limitation resulted in a 
physical limitation of the generators. The 5000-kw 
generators, which were about the largest built, had a 
diameter of over 30 feet. On the other hand, the steam 
turbine is inherently a high-speed machine and the 
early generators of 5000-kw capacity that were driven 
by steam turbines required only a fraction of the space 
needed by other types of units. 

Developments in boiler practice whereby steam pres- 
sures could be increased to 250 pounds at first, then 
500 pounds and then, by 1948, over 2000 pounds per 
square inch, all favored development of turbine designs 
and the size of turbine units increased until 275,000-kw 
generators now are available. While these developments 



YEAR 


Fig. 24—1. Relationship between growth of elec- 
tric-power generating capacity and installation 
of main mill drives (1904-1954) . Note difference 
in vertical scale used in plotting the curves. 
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in electric-power-producing facilities were taking place, 
iron*8ilicon alloy steel in sheet form for transformer 
cores was being developed and improved and better 
insulating materials developed, with the result that 
larger quantities of electric power could be produced 
and, further, it could be transmitted economically over 
greater distances to the motors that used it. 

Such improvements in both the generation and distri- 
bution of power were required before electrification of 
mills became possible. Figure 24 — 1 shows the relation 
between the growth of electric-power generation and 
the installation of main-drive motors in steel mills. The 
installed generating capacities were obtained from Edi- 
son Electric Institute statistics and show a growth from 
160,000 kw in 1905 to 102,000,000 kw in 1954. The main 
drive figures were taken from the Proceedings of the 
Association of Iron and Steel Engineers, and show a 
growth from zero in 1905 to 6,700,000 horsepower in 1954. 

Many steel plants, especially the smaller ones, are 
not self-contained in that they have no coke plant or 
blast furnaces. Such plants buy their electric-power 
supply from the power companies and, since they may 
impose large loads such as strip mills create, the power 
producer has the problem of providing sufficient gen- 


erating and distribution capacity to serve such loads. 

If a map showing the electric transmission lines in 
the United States is studied, it will be found that the 
various utility generating sources are interconnected 
by high-voltage lines to provide a pooled power supply. 
These interconnecting systems have many advantages, 
and are favorable to steel mills in that heavy peak 
loads caused by electric furnaces or strip mills do not 
necessarily have to be absorbed by a single generating 
station but, usually, are distributed among many units 
that are connected to the system. The growth of these 
interconnecting systems has followed the growth of 
electric-power consumption and today, with forecasted 
arrangements, it is possible to purchase power for all 
types of steel-mill electric loads. 

The growth in generating capacity plus the inter- 
connecting systems have made possible tiic large motor- 
driven installations in modern mills. Prior to about 
1930, it often was a problem to obtain 6000 kw to drive 
a proposed blooming-mill reversing motor. Today, pur- 
chased-power contracts often cover the supply of power 
for loads of 100,000 kw, and additions to the supply are 
limited only by the time required to install additional 
generating capacity. 


SECTION 2 

DEVELOPMENT OF MAIN MILL DRIVES 


In 1905, two 1500-horsepower, 230-volt, 100/125 r.p.m., 
direct-current motors were installed on the light-rail 
mill at the Edgar Thomson Works in Braddock, Pa. 
They were supplied with power from two 1000-kw, 
steam-engine-driven, direct-current generators in a 
nearby power house. In the same year, the first revers- 
ing direct-current main- drive motor was installed on 
the 36-inch universal-plate mill at South Works in 
Chicago. Power for this latter motor was furnished at 
575 volts, direct current, from a 2200-volt, 25-cycle, 
motor-generator set. Both of these installations were, 
with some modification, still in operation in 1954. 

At about the same time, another type of main drive, 
suggested by European developments, was installed on 
the light-rail mill at the South Works, This consisted 
of two 1500-horsepower, 2200-volt, 25-cycle, 80/120 
r.p.m., variable-speed, wotmd-rotor motors. The rotor 
windings of these motors were connected to the stator 
of a second wound-rotor motor on the same shaft; this 
is known as a cascade connection. By varying the re- 
sistance in the rotor circuit of this second motor, the 
speed of the main drive could be varied between 80 
and 120 r.p.m. 

About the same time (1908-1910), the Gary Works, 
designed to be the largest steel plant in the world, 
planned to use slow-speod, wound-rotor induction 
motors on the heavy rolling mill drives. Some of these 
had windings that, by external contactors, could be 
connected to change the number of poles and thus 
provide what is known as a two-speed motor. Other 


than this, the main drive installations were designed to 
operate at constant speed, except for the variations that 
could be obtained by changing the resistance in the 
secondary circuits of the wound-rotor motors. 

This type of drive was satisfactory for some types of 
mills but, for the merchant mills in particular, greater 
ranges of speed variation were needed and this led to 
the development of variable-speed controls. With these 
systems, speed variations up to 50 per cent were made 
possible. 

The demand for wider speed ranges, better regula- 
tion and a more simplified control led to the develop- 
ment of large, variable-speed, direct- current motors, 
which are now the preferred drives on practically all 
new installations. 

While these developments were progressing, another 
problem confronted the steel industry— the alternating 
frequency of the power systems. In the period 1905- 
1910, practically all steel companies generated their own 
power and were not interconnected with utility sys- 
tems. Slow-speed, direct-connected drives were needed, 
since high-efficiency gears such as now used were not 
available. For this purpose, 25-cycle motors offered an 
advantage and were adopted in the mills and, as late 
as 1910, all main drive motors in the steel industry had 
a 25-cycle source of power. Today, while there are 
many 25-cycle drives representing many thousands of 
horsepower still operating, new installations using 25- 
cycle power are very few and 60 cycles have become 
the standard frequency of the industry. 


SECTION 3 

POWER REQUIREMENTS IN THE STEEL INDUSTRY 


According to a report of the American Iron and Steel 
Institute, the iron and steel industry used 40.7 billion 
kwh of electric power in 1953. Of this amoimt, about 
one quarter was generated in power houses in the 
industry and the remainder was purchased from utili- 


ties. With an ingot production of 111,600,000 tons, the 
average power consumption per ton of ingots in 1953 
was 364.8 kwh. 

Power Requirements for Varioiis Operations in the 
Production of Steel — When new mills are contemplated 
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in existing works or new plants planned, one of the 
questions to be answered is the quantity of electric 
power required to operate the new facilities. 

Data on existing mills are the best source for this 
information. Actual power consumption by certain op- 
erations such as coke plants, blast furnaces and open 
hearths are found to be in accord with estimates based 
on established data from pre-existing similar units. Re- 
quirements of heavy mills such as blooming, slab and 
rail mills also can be estimated closely if the predicted 
output of product in tons per hour is matched by actual 
production. Finishing mills, however, require additional 
data as to the sections to be rolled and the pass design of 
the rolls. 

In the total demand load of a plant, there are two 
loads that have the greatest effect on power peaks: 
those from the electric melting furnaces and the wide- 
strip mills. There are available data for power require- 
ments of both of these opera tion.s, and the total power 
required for new installations has to be estimated by 
using these data in conjunction witli proposed operating 
schedules. 

The following tabulation gives the average kwh con- 
sumption per ton of steel for some of the major operat- 
ing units in a modern plant. 

Kwh Consumed 

Operating Unit per Ton of Product 

Coke Plant 17, based on coal charged 

Blast Furnaces 10, based on pig iron 

Open Hearth 8, based on ingots 

Bessemer (with motor- 
driven blowing equip- 
ment) 92, based on ingots 

Blooming Mill 13-15, based on blooms 

Slabbing Mill 10 -12, based on slabs 

Plate Mill (Reversing) . . 30 -40, based on plates 

Merchant Mills 40 -80, based on product 

Wide Strip Mills 45 -65, based on product 

The preceding tabulation for mills covers the power 
used by the main drive motors, and does not include 
that used for auxiliaries such as tables, fans, lighting, 
and so on. On some mills, this auxiliary power amounts 
to as much per ton as the power used by the main drive. 

The following tabulation indicates how power re- 
quirements are increased as the finishing operations 
are continued. These figures are averages taken from 
the records of a modern strip mill whose end products 
are tin plate and sheets: 

Kwh per 

Facility Ton 

80-Inch Mill (including all auxiliaries) . 63.0 

Continuous Pickling 6.3 

5-Stand Cold-Reduction Mill 

(including auxiliaries) 86.0-100.0 

Electrolytic Cleaning 8.8 


Tin Mill Annealing 20.0 

Tin Mill Temper Rolling 18.0 

Electrolytic Tinning . . , 100.0 

Hot-Dip Tinning .... 3g q 

3 -Stand Tandem Mill . . . 35 0 

Sheet-Mill Galvanizing . 30 q 


In addition to the above operations, such a plant has 
pumps, shops, air compressors, yard lighting and other 
miscellaneous loads that inert'ase the total power con- 
sumption. 

Estimation of the total elcctric-powcr requirements 
for a steel plant with the predicted fifteen-minute de- 
mand is part of a study required to gel a fuel balance 
for new installations. (The predicted fifteen-minute 
demand is an estimated figure representing the highest 
possible peak load expected ever to be encountered for 
an arbitrarily-selected period of 15 minutes duration.) 
It is also necessary before arriving at an estimated 
amount to be used in negotiating purchased -jiower 
contracts. The tabulation following is an exampk* of 
the estimation of the annual kwh requirements for an 
integrated plant planned to produce 1,500,000 tons of 
open-hearth ingots per year. 


MiU 

Annual 

Kwh/Ton Total 

or Production of 

Kwh Per 

Department 

(Tons) 

Product Year 

Coke Plant 

826,000 

17 

14.042,000 

Blast Furnaces 

1,000,000 

10 

10,000,000 

Open Hearth 

1,500,000 

8 

12 , 000,000 

Blooming Mill* 

1,235,000 

26 

32,110,000 

Billet Mill* 

458,000 

28 

12,824,000 

Wheel Mill* 

34,000 

110 

3,740,000 

12-Inch Bar MiU* 

221,000 

65 

14,365,000 

16-Inch Bar Mill* 

200,000 

55 

11,000,000 

Structural and 




Rail Mill* 

353,000 

60 

21,180,000 

Plate Mill* 

244,000 

87 

21,288,000 

Splice Bar and Mine Tie. 

37,000 

70 

2,590,000 

Miscellaneous (Pumps, Air 




Compressors, Lighting, 




Etc.; due load 7000 kw 

X 



8760 hours) 



61,320,000 

Total 



216.399,000 


^Including auxiliaries. 

The above represents an average consumption of 
18,000,000 kwh per month or, in a 720-hour month, of 
25,000 kw per hour. In this example, however, it is not 
the average power consumption in any hour but the 
peak hour that has to be determined, as this latter 
quantity determines the size of the generators required 
if a power house is to be built, or the peak demand that 
will be made on the utility system if power is to be 
purchased. 


SECTION 4 

FACTORS WHICH AFFECT THE SIZE AND TYPE OF 
MAIN-DRIVE MOTORS 

The selection of the proper motor to be used on mill a specific speed and definite temperature, with specified 
drives is a very important item in the design of a mill, reductions per pass, are based on data taken from tests 
Its size and characteristics must be based not only on on existing mills. 

tonnage requirements and rolling schedules, but also on The most common main -drive motor is that used on 
displacement, reductions, temperatures, composition of reversing primary mills. For these drives, the size and 
product, speed of rolling, and finish. The accepted shape of the ingot are known, also the size of the finished 
methods for calculating loads when rolling a product at bloom or slab, the composition and temperature of the 
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Fic. 24—2. Curves showing amount 
of work for displacement of one 
cubic inch of metal including all 
increases in friction during the 
pass in a single-motor-driven re- 
versing blooming mill.<“ 
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AREA OF BLOOM LEAVING PASS PER CENT OF ORIGINAL AREA OF INGOT 



steel, the roll size, and the efficiency of the machinery. 
It has been determined from existing reversing primary- 
mill units that the total power required is divided ap- 
proximately into the following components: 


Power Required for Rolling 59.00% 

Friction of Pinions and Mill 5.90 

Loss in Reversing Motor 10.84 

Loss in Electrical Comiections 0.75 

Loss in Generators 11.44 

Loss in Flywheel 1.32 

Loss in Slip Regulator 2.69 

Loss in Induction Motor 6.40 

Loss in Exciters, Blowers, Etc 1,66 

Total 100.00% 


The part of the total torque required of the motor 
shaft of a single -motor drive for a reversing blooming 
mill that is used in (1) deforming the metal being 
rolled; (2) overcoming the increase in roll-neck bearing 
friction during rolling; and (3) other mechanical losses, 
may be approximated from the following formula (see 
References 13 and 34 on Page 462) : 


(1) T = 275 X C (Ai - A 2 ) X D 

Ai 

where T = Motor torque in pounds -feet 

C = Factor for cubic inches of metal displaced 
(ordinate of Figure 24 — 2). 

Ai Area of section in square inches before 
pass 

A 2 — Area of section in square inches after pass 
D = Diameter of roll at base of pass in inches. 

From tliis formula, which applies only to the type of 
mill mentioned, the rolling schedule can be calculated 
pass by pass, and to the figures so obtained must be 
added the idling friction torque for the mill which may 
amount to 20,000 to 25,000 pounds-feet. 

To obtain the maximum torque requirements for 
the motor, it is necessary to add the torque required for 
acceleration. The inertia of the mill parts and the 
arm^ure for a 7000-horsepower motor is about 4,250,000 
Ib.-ft.*. If the rate of acceleration is 20 r.p.m. per second 
per second, and the time required for acceleration is 2 
seconds, then from the formula: 
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Fig. 24 — 4. Effect of temperature on power consumption during rolling 
steels containing 15 and 30 points (0.15 and 0.30%, respectively) of 
carbon. (Courtesy, Iron and Steel Engineer.) 


^ 0.003255 xWR2xr.p.m. 

(2) T. = i . 

where T« — Torque required for acceleration 

(pounds-feet) 

t — Time required for acceleration (sec- 
onds) 

WR* = Inertia of moving parts, 

„ 0,003255 x 4,250,000 x 20 

T. = ^ ^ = 138,000 

pounds-feet 

Another factor to be considered is selection of a motor 
of ample capacity to prevent excessive heating of the 
motor during operation. 


Figure 24 — 3 shows a group of curves for five different 
steels in which the resistance to deformation is plotted 
against temperature of the steel in degrees F. Figure 
24 — 4 shows similar curves for two grades of carbon 
steel, where rolling temperatures are plotted in rela- 
tion to power consumption. From these curves it may 
be seen that a drop in temperature from 2300 * F to 
1750 * F will double the power requirements for rolling. 
This indicates the necessity for considering steel tem- 
perature when calculations of power for rolling are 
being made. 

Another factor to be considered is the number of 
horsepower-seconds required per cubic inch of metal 
displaced during the various passes. Temperature again 



PER CENT OF INITIAL AREA OF CROSS SECTION OF BLOOM OR SLAB 

Fxg. 24—5. Curves showing relation of horsepower-hours per net ton of steel 
rolled to per cent reduction of cross-section for shapes and fiat sections. 
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must be considered in this case as the bloom or slab 
cools of! during the rolling operation. Figure 24—2 
shows curves giving the specific power for motor torque 
for displacement of metal plus aU increases in friction 
during the pass. From these curves, it will be noted 
that as the bloom becomes smaller the horsepower- 
seconds increase rapidly, especially after 25 per cent of 
the original area is reached. The constant used 
in formula (1) was taken from this chart. 

Another form of these power curves is shown in 
Figure 24 — 5. These curves, for flat and structural sec- 
tions, show that power requirements do not increase 
in direct proportion to per cent reductions, and that the 
smaller the section the larger the increase in power in 
terms of reduction. 

The speed at which the piece is rolled affects the 


power requirements in two ways. Theoretically, the 
power requirements should be directly in proportion to 
speed; however, with increase in speed the temperature 
of the piece being rolled has less time in which to drop; 
therefore, the higher the rolling speed, the higher the 
finishing temperature and, consequently, the lower the 
power required by the mill. For this reason, it is 
sometimes possible to increase the speed and not in- 
crease the motor loading to any great extent. 

In order to meet the surface-quality requirements on 
certain products, it is necessary to roll them in the 
finishing pass at relatively low temperatures — some- 
times as low as 1400 ** F. On mills where this practice 
is to be used, the horsepower requirements for the 
motor should be determined on the basis of the reduc- 
tion and temperature required for such sections. 


SECTION 5 

TYPES OF MOTORS FOR MAIN DRIVES 


There are four general classifications of motors that 
can be used on mill drives: synchronous, squirrel-cage, 
wound-rotor, and direct- current. All but the last- 
named operate on alternating current. Each of these has 
characteristics which make it suitable for definite appli- 
cations. The cost of each type also differs and is often the 
factor determining the type to be used. 

The synchronous motor, if an exciter is not required, 
usually costs the least and, in certain speed ranges, may 
be used interchangeably with the squirrel-cage design. 
Wound-rotor motors cost more than either the syn- 
chronous or squirrel-cage, and direct-current motors 
are the most expensive of all. With the latter, a supply 
of direct current is needed, which necessitates the use of 
a motor-generator set or mercury-arc rectifier to con- 
vert the alternating-current power supply of the plant 
to direct current, and these have to be considered as a 
part of the installation. 

In the following paragraphs, short descriptions of the 
four general classifications of motors are given, along 
with suggestions for possible applications. It is assumed 
that the reader is familiar with the general design of 
such units; if not, details of their design and construc- 
tion are available in the literature. 

Synchronous Motors — ^The synchronous motor has the 
stator or stationary part wound with core and coils in 
the same manner as the squirrel-cage and wound-rotor 
motors. However, the rotating part or rotor has salient 
poles, positive and negative, wound for direct current. 
The power supply for these poles usually is furnished 
by a small direct-current generator called the exciter. 
This may be mounted on the main motor shaft, be belt 
driven by same, or be driven by a separate motor in a 
motor-generator set. In addition to the direct-current 
coils on the pole pieces, another winding which is buried 
in the pole faces is required. This is called the squirrel- 
cage winding and controls the necessary starting and 
pull-in torques of the motor and also the uniformity 
of the accelerating torques between starting and pull- 
in. When driving reciprocating machinery, the squirrel- 
cage winding also develops a damping torque. 

This winding consists of a number of round or rec- 
tangular rods or bars that pass through the pole shoes in 
the axial direction. The material used may be copper, 
brass, or bronze, of such electrical conductivity as to 
suit best the particular requirements of starting and 
pull-in torques. The ends of these rods or bars project 
sufficiently beyond the poles to allow making connec- 
tUsDM to the [ffiort-drcuiting end-ring segments to whldi 


they are joined securely by brazing. In some cases, 
where both high starting torque and high pull-in torque 
are required, it is necessary to use double cage wind- 
ings. These consist usually of two sets of damper bars 
but only one set of end connections. 

To conduct the direct current to the field coils, col- 
lector rings mounted on the main shaft are required, the 
terminals for the field circuit being connected to these 
rings and the direct-current power supply from the 
exciter is connected to the brushes that contact the 
rings. 

In order to apply a sjmchronous motor correctly, it 
is necessary to give consideration to the starting torque, 
pull-in torque, pull-out torque, operating temperatime, 
power factor and method of starting. 

The time required for a synchronous motor to attain 
full speed depends upon the load, and the power re- 
quired to pull into step from this speed depends upon 
the inertia of the revolving parts, so that the pull-in 
torque cannot be determined without knowing the 
inertia of the external load as well as the torque re- 
quired to overcome it. 

The permissible starting-power input will vary with 
different localities, being affected by local power com- 
pany regulations, capacity of feeders, or the capacities 
of individual, isolated power stations. 

These motors can be designed with considerable range 
of starting, pull-in and pull-out torques. Some appli- 
cations require a starting torque of 150 to 200 per cent, 
a pull-in torque of 110 per cent, and a pull-out torque 
of 175 per cent. 

The efficiency of a synchronous motor usually is 
higher than that of a comparable induction motor, is 
less expensive in first cost, and has the ability to correct 
power factor. They have been built in sizes up to 
10,000 horsepower for mill drives. It must be remem- 
bered that they are a constant-speed motor and are 
locked in step with the frequency of the power system. 
For this reason, there is no cushion afforded by a drop 
in speed for a sudden peak load, and the pull-out torque 
must be high enough to handle the highest peak load 
encountered. Synchronous motors often are used to 
drive motor-generator sets, air compressors, pumps and 
other types of equipment where constant load condi- 
tions exist. 

Squirrel-Cage Motors— Squirrel-cage induction mo- 
tors are the most simple with respect to design, and 
can be built in a wide range of sizes and torques. By 
varying the design resistance in the rotor winding; the 
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Year 

Installed 


Altematixig- Direct-Current 

Current Motors Motors 

Number Total Number Total 

Installed Horsepower Installed Horsepower 


1939 

9 

18,900 

54 

81,500 

1940 

13 

6,850 

72 

112,000 

1941 

31 

39,350 

93 

101,100 

1942 

14 

20,000 

97 

263,050 

1943 

7 

10,000 

5 

10,750 

1944 

14 

14,200 

17 

34,100 

1945 

15 

12,700 

123 

155,700 

1946 

16 

41,650 

191 

286,650 

1947 

20 

31,850 

125 

201,325 

1948 

11 

29,900 

93 

107,900 

1949 

11 

33,500 

78 

160,100 

1950 

32 

77,750 

34,950 

236 

451,450 

1951 

30 

174 

304,250 

1952 

8 

7,200 

41 

64,600 

1953 

8 

28,700 

67 

92,550 

1954 

13 

16,100 

106 

159,605 

Totals 

252 

(13.82%) 

422,800 

(14.05%) 

1572 

(86.18%) 

2,582,230 

(85.95%) 


starting torque can be low, normal, or high, as desired. 
It has become customary to start these motors ‘‘across 
the line” in the usual sizes, which necessitates strong 
bracing for the stator coils to withstand the powerful 
magnetic forces involved. 

In the larger sizes, these motors have been designed 
for use in certain speed ranges in capacities up to 10,000 
horsepower, and for speeds as low as 100 r.p.m., operat- 
ing on 60-cycle power. 

TTiis motor has the lowest initial cost per installation, 
but its efficiency is less than that of the synchronous 
induction motor, and at the lower speeds the power 
factor is lowered. For instance, a 500-horsepower, 60- 
cycle, squirrel-cage motor has the following efficiencies 
and power factors at 900 compared with 514 r.p.m.: 


Efficiency (%) 


R.pjn. 

Vz Load 

3/4 Load 

Full Load 

900 1 

91.1 

92.9 

93.1 

514 1 

91.3 

92.3 

92.3 


Power Factor 


% Load 

% Load 

Full Load 

900 

82.0 

88.0 

90.0 

514 

75.0 

83.0 

86.5 


This type of motor is used on fans, pumps, compressors 
and shears, to name a few common applications, but is 
not used normally on main drives. 

Wound-Rotor Induction Motors--This type of induc- 
tion motor has a wide range of use in the steel industry. 
The difference between it and the squirrel-cage type is 
that the rotor winding consists of coils with the phase 
connections brought out to collecting rings moimted on 
the motor shaft. Connections can be made from these 
rings through external resistance boxes or a slip res- 
istor; hence, the secondary resistance can be varied. 
By this means, the starting-power input and acceler- 
ating time can be controlled and, if the motor is used in 
connection with a flywheel, various divisions of the load 
between the motor and the wheel can be obtained. 

These motors are available over the complete output 
and speed ranges required for mill drives, for operation 
on voltages up to 13,200. As in the case of squirrel-cage 


Table 24 — II. Total Horsepower of 25- and 60-Cycle 
Motors Installed on Main Mill Drives 


Year 

25-Cycle Motors 

60-Cycle Motors 

Horsepower 

Per Cent 
of Total 
A.C. Units 
Installed 

Horsepower 

Per Cent 
of Total 
A.C. Units 
Installed 

1905 

4,900 

100 

0 

0 

1906-1910 .. 

110,060 

97 

1,950 

2 

1911-1915 .. 

99,675 

57 

72,610 

42 

1916-1920 .. 

179,540 

38 

282,265 

60 

1921-1924 .. 

67,500 

34 

131,740 

65 

1939-1945 .. 

9,300 

6 

141,700 

94 

1946-1952 .. 

4,500 

2 

245,100 

98 


Table 24 — ^HI. Synchronous Speeds of 25 -Cycle and 60- 
Cycle Motors 


Number of Poles 

Speed 

25-Cycle (r.p.m.) 

80-Cycle (r.p.m.) 

2 

1500 

3600 

4 

750 

1800 

6 

500 

1200 

8 

375 

900 

10 

300 

720 

12 

250 

600 

14 

214 

514 

16 

187% 

450 

18 

166% 

400 

20 

150 

360 

22 

136 

327 

24 

125 

300 

26 

115 

277 

28 

107 

256 

30 

100 

240 

32 

93.75 

225 

34 

88.23 

212 

36 j 

83% 

200 

40 

75 

180 
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motors, the efficiency and power factor decrease with 
the base speeds. 

Wound -rotor induction motors are standard for 
flywheel-equipped motor-generator sets, and usually 
have been designed for a speed of 360 r.p.m. in medium 
sizes and 300 r.p.m, for the largest sets. However, 
several recent installations have been designed for 514 
r.p.m. One such unit consists of an 8000-hp motor with 
a 65-ton, 215,000 hp-sec. flywheel, driving four 2500-kw 
and two 1750-kw direct- current generators. 

Direct -Current Motors — ^Due to the demand for wide 
speed ranges for mill drives, many large direct-current 
motors are being used for this purpose. They arc 
designed with flat speed characteristics, to operate 
usually on 600 volts. The largest size, about 8000 horse- 
power, has been used on reversing mills. These motors 
require forced ventilation due to the heat generated by 
operating conditions involving frequent reversals. The 
normal speed range is 2:1, but higher ranges can be 
obtained. On mill drives, it is not uncommon to have a 
maximum torque of 240 per cent of the full-load torque. 

The trend toward the use of variable-speed direct- 
current motors on main drives began in the 1930’s. 
The operating advantages of this type of drive over- 
balanced the added cost. Table 24 — I, taken from the 
Proceedings of the Association of Iron and Steel Engi- 


neers, shows this trend in motors (over 300 horsepower) 
installed on main drives from 1939-1954. 

Table 24 — II shows the trend from 25-cycle to 60- 
cycle motors. 

The speeds of synchronous and induction motors are 
a function of the number of poles in the motor windings. 
These speeds are determined by the formula: 


where, 

N = Speed (r.p.m.) 

F = Frequency 

P =: Number of poles 

Table 24* -III shows the possible speeds that can be 
obtained in both 25-cycle and 60-cyclc motors. These 
are synchronous speeds and apply to synchronous 
motors. For induction motors, the full-load speeds are 
a few per cent less due to slip. 

Although it is possible to build motors with more than 
40 poles, they become very expensive, and the above 
table shows how it was advantageous to build the slow- 
speed, 25-cycle motors used in some of the early mills 
and why it would have been necessary to use gear sets 
if 60-cycle frequency had been specified. 


SECTION 6 


FLYWHEELS— HOW THEY WORK AND WHERE THEY ARE USED 


Many main-drive applications are on mills tliat have 
short-time peak rolling loads. Blooming mills, slabbing 
mills, and reversing plate mills are in this classification. 
For such mills, it is often economical to use a wound- 
rotor induction motor having an adjustable secondary 
resistance in conjunction with a flywheel, to drive the 
generators that supply direct current to the main mill 
motors that are subject to peak loads. By this means, it 
is possible to select a motor having a capacity % to of 
the value of the maximum load requirements of the 
mill, and so control its ‘‘slip** that the flywheel energy 
supplies the greater proportion of the energy to meet 
the peak loads. Some typical questions related to motors 
and flywheels of mill drives, and the methods of finding 
their answers, are given in the following examples. 

1. Energy Stored in a Flywheel — Assume a large 
fl 3 rwheel having a momentum (WR*) = 15,000,000 Ib.-ft.* 
(that is, an effect of 15,000,000 lb. at a radius of gyration 
of 1 ft., or 3,750,000 lb. at a radius of 2 ft.), and a wheel 
speed of 83 r.p.m. What is the total amount of energy 
stored in the wheel? 

The energy (E) possessed by any body of weight W lb. 
moving with a velocity of V ft. per second is: 


(1) E = 


WxV* 

3216x2 


ft.-lb. 


In this expression, 32.16 ft. per second per second is the 
rate of acceleration due to gravity, usuily expressed by 
the symbol, g. The rotating flywheel witlx a given WR* 
and running at N r.p.m. may be considered as a body 
with weight W moving with the same velocity as the 
end of its radius of gyration R; this velocity in feet 
per second for the case under consideration is: 

2 X 3.1416 xRxN 


Substituting this value of V In (1), it becomes: 

WR*xN* 

5865 


(3) E = 


-£t.-lb. 


Then, for the present example. 


(4) Err 


15,000,000 X (83)* 
5865 


17,500,000 ft.-lb. 


This energy is equal to the amount of work required 
to bring the flywheel from rest to a speed of 83 r.p.m. 

Since 1 horsepower-second = 550 ft.-lb. 

E = 31,900 horsepower-seconds. 


From tlie foregoing formulas, it may be seen that the 
stored energy in a flywheel is proportional to the WR“ 
of the wheel and to the second power of its speed. 

2. Amount of Energy Available for Regulation — ^Tlie 
energy calculated above is the total energy stored in the 
wheel at a certain speed. How much of this energy may 
be used for load equalization in case this flywheel is 
installed on a mill drive? 

If it is assumed that a speed variation of more than 
15 per cent is not permissible, the wheel speed could be 
varied from 83 r.p.m. to 70.5 r.p.m. At 70.5 r.p.m., the 
stored energy in the wheel would be: 

„ 15,000,000 X (70.5)» 

E 2 = ^ 230 000 ~ 22,950 horsepower-second.s. 

Thus, the energy given up by the wheel in slowing 
down from 83 to 70.5 r.p.m. would be: 

31,900 — 22,950 = 8,950 horsepower-seconds, or ap- 
proximately 28 per cent of the total stored energy. 

From this it is evident that the per cent of energy 
given up by the wheel is not directly proportional to 
the per cent of speed reduction. 

Suppose the speed of the flywheel is lowered from 
Ni to N 2 r.p.m. The speed reduction (S) expressed as a 
fraction of the maximum operating speed (Ni) is: 

c Ni-Ni 

®= Ni~ 

or, the tninimutn speed is: 

N, = Nix(l-S) 



449 


MILL DRIVES AND POWER REQUIREMENTS 


Now, the total amount of energy stored in the wheel at 
speeds Ni and N 2 , respectively, are: 

^ WR*xNi» , 

== J^orsepower-seconds 

„ WR*xN2* , 

2,226,000“ horsepower-seconds 

Hence, the energy given out comprises the following 
portion of the total: 

Ei-^Ei Ni* — N 2 * Ni - Nj Ni 4- Na 
El ' Ni’ ~ Ni * Ni 


Ei-E 2_ rNi + Ni(l-S)l 

El Ni 


= Sx(2-S) = 2S-S* 


Giving S various values from 0 to 100 per cent, the 
corresponding values of energy given up by the wheel 
in slowing down may be calculated. For instance, if 
the speed reduction is 12 per cent (S = 0.12), the fly- 
wheel will give up 22.5 per cent of the total energy 
available at the maximum speed. Further calculations 
would show that at 50 per cent speed reduction, 75 per 
cent of the total energy is given up by the wheel. 

3. Acceleration and Retardation of the Wheel — 
Assume that the wheel should be accelerated at a uni- 
form rate from N 2 r.p.m. to Ni r.p.m. in t seconds; then, 
the rate of acceleration (a) would be: 


Ni~N2 

a— ^ __ 

If the inertia of the wheel is WR* Ib.-ft.*, then there 
will be required during this period a uniform accelerat- 
ing torque (To), equal to: 


WR* X a 
^0= 308'^ 


For instance, if the same wheel as was considered 
above (WR* = 15,000,000 Ib.-ft.*) is to be brought from 
rest (N 2 — 0) to Ni = 83 r.pjn. in 10 seconds, then the 
required torque, To, equals: 


15,000,000 83 

m ^10 


= 405,000 


If the flywheel is brought up to this speed by an 
83-r.p.m. motor, the latter will have to develop diming 
the acceleration a torque (in addition to frictional 
torque) which corresponds to a load of: 

405,000 x 83 

— — = 6440 horsepower 

5250 

4. Induction-Motor Characteristics—The majority of 
all mills equipped with flywheels are driven by induc- 
tion motors. Within the operating range, the speed- 
torque or the slip-torque curves for these motors are 
very nearly straight lines. This is the basis for the as- 
sumption that the motor torque is proportional to the 
slip. If the secondary resistance of the motor is changed, 
the slope of the speed-torque curve is changed, but the 
breaking-down torque for the motor is not affected. 

The torque developed at the motor shaft is propor- 
tional to the speed, and the difference in power be- 
tween the input power and this torque goes into losses 
in the rotor windings, the core, and external secondary 
resistance. 

The total power, P., can be expressed as: 

_TxN. 

5250 

where N. is the synchronotis speed and T the torque. 


Starting from rest and drawing normal current from 
the line, the motor at first does not develop any power at 
the shaft because the speed is zero, but the secondary 
losses are high. With increasing speed, the losses are 
reduced and the mechanical power increases. 

If the motor is running and more resistance is in- 
troduced in the secondary, maintaining constant line 
input, it will be observed tliat the speed, N, and the 
mechanical shaft power, P, both decrease in the same 
proportion, which means that the torque, T, is not 
changed. 

This is an important conclusion, since it shows that 
when an induction motor drives a mill without any fly- 
wheel, and is called upon to develop a certain torque, 
nothing is gained by increasing the secondary resistance 
as long as the torque requirements are the same. 



Fig. 24—6. Effect of flywheel energy on 
load and speed, showing division of load 
between motor and flywheel. Each hori- 
zontal division equals 1 sec. (Courtesy, 
Iron and Steel Engineer.) 


5. Motor Load Curves— Assume a mill with a flywheel 
being driven by an induction motor of P horsepower, 
at a speed of N. r.p.m. (synchronous speed). The mill 
is running light and the motor is developing only 
frictional torque, To. Then the metal enters the rolls, 
and this imposes a combined torque, Ti. The torque 
developed by the motor will increase gradually along 
some curve (Figure 24 — 6). What will the motor torque 
be after “t** seconds? 

According to an expression called Gasche^s formula: 


T = Ti- 


Ti-To 


where 


T = motor torque to be determined 
Ti = combined (external) torque 
To = frictional torque 

e = 2.718, the base for Naperian or natural logarithms 
A = a constant for a given motor and flywheel (pro- 
vided the secondary resistance is constant), and 


equals expression: 

Tn = normal torque 
Sn = normal slip 
Ns = normal speed 
W = weight of the flywheel, and 
R = radius of gyration of the wheel. 


Figure 24 — 6 shows curves of the division of load be- 
tween a motor and flywheel, calculated according to the 
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Electronic Control Elements are used in steel-xnill 
regulating systems when the characteristics of the ap- 
plication are favorable to this type of control. Electronic 
control is used where great accuracy and speed of 
response are needed. It is also used when the input 
signal from the drive must be controlled from a very 
low power level. On very small drives, electronic equip- 
ment may be considerably less expensive, and some- 
times there is no other way to solve the problem. In 
several recent installations, electronic control has been 
used as an addition to rotating-regulator or magnetic- 
amplifier equipment. A recent development in electronic 
controls is the transistor, a tiny simple device that 
employs the unique electrical properties of germanium 
crystals for rectifying and controlling the flow of cur- 
rent and that promises someday to replace the electron 
tube. 

Rotating regulators have a broad field of application. 
The main and auxiliary drives of blooming mills are 
good examples of applications requiring a large number 
of rotating regulators. They are used at the Fairless 
Works, for example, for regulating the drives for Ae 
skin-pass or temper mill, a cleaning line, the finishing 
stands of the hot-strip mill, the main '^rive and aux- 
iliaries for the 45-inch slabbing mill, and the main drive 
for the 40-inch blooming mill. On the main drive of a 


blooming mill, rotating regulatom are used to regulate 
and reverse the generator voltage, force fast response of 
the motor fields, limit the main armature currents to pre- 
determined values, and for load-balance control where 
two or more armatures are operated in parallel 

The magnetic-amplifier regulating systems show 
promise of being applied in considerable numbers in the 
steel industry. Operating experience is somewhat lim- 
ited since this type of control has begun to be applied 
only relatively recently. It has been used for controlling 
tandem cold-reduction mills, reel drives for cold- 
reduction mills, speed control for high-speed side- 
trimming line tension reels, speed regulation for the 
bridle rolls on cleaning lines, tension-reel drives for 
processing lines, tensiometer-type tension regulators for 
skin-pass or temper mills and as a voltage regulator for 
ignition rectifiers.®® 

Electronic regulators have been used for applications 
where the regulator has to “see,” such as edge control 
for slitting and cleaning lines, and where very precise 
and fast-acting regulator components are required, 
such as rod-mill drop regulators and electric flying- 
shear regulators. To obtain the required speed 
regulation, such as required on tube and rod mills, 
combination electronic-rotating regulating equipment 
has been used. 


SECTION 8 

REVERSING-MILL DRIVES 


On motor-driven primary mills, such as slabbing, 
blooming, or single-stand plate mills, it is customary to 
use a reversing mill drive. About 135 mills of this type 
are in operation in the United States as this is written, 
and about 30 per cent of them still are driven by steam 
engines. These latter are the older mills which retain 
their engines for economic reasons. Since the installation 
of the first motor-driven reversing mill in 1915, very 
few engine drives have been installed and, today, only 


motor drives are given consideration. Electric-motor 
and steam-engine drives for primary mills are compared 
in some detail in Chapter 25. 

For modem reversing-mill service, the main-drive 
DC motor is of rugged design, with a welded frame of 
rolled steel, horizontally split. The pedestal for the 
bearing next to the mill is cast steel and is provided with 
a thrust bearing. These motors, being connected directly 
to the mill pinion stand, necessarily must be of slow 
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Fig. 24—8. Twin-motor 
drive for a 44-inch slab- 
bing mill (Edgar Thom- 
son Works) consisting of 
two 5000-horsepower, 
40/80 r.p.m., direct-cur- 
rent motors. 
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Table 24— -IV. Typical Modern Installations of Reversing Mill Motors'^ 


Company 

Location 

Size 

Mill 

Motor 

Horse- 

power 

Motor 

Speed 

(r.p.m.) 

Motor 

Voltage 

Rating 

Arm CO Steel Corp 

Butler, Pa. 

48" 

7000 

50-120 

700’ 


Middletown, 

Ohio 

45" 

2-5000 

40-80 

700 

Bethlehem Steel 






Company 

Steelton, Pa. 

44" 

1 6000 

40-120 

(iOO 


Sparrows 
Point, Md. 

54" 

7000 

50-100 

650 


Sparrows 
Point, Md. 

40" 

7000 

50-100 

650 


Lackawanna, 
N. Y. 

54" 

7000 

40-80 

7.50 

Great Lakes Steel 






Corporation 

Ecorse, Mich. 

46" 

7000 

40-100 

700 

Inland Steel Company 

Indiana 

Harbor, Ind. 

46" 

7000 

50-120 

700 

Jones & Laughlin 






Steel Corp. . . 

Pittsburgh, 

Pa. 

44" 

7000 

50-120 

750 

Republic Steel 






Corporation 

Warren, Ohio 

36" 

6500 

50-120 

600 


Canton, Ohio 

35" 

5000 

40-120 

600 


Gadsden, Ala. 

40" 

7000 

50-120 

700 

United States Steel 






Corp 

Braddock, Pa 

44" 

2-5000 

40-80 

700 


Homestead, 

Pa. 

44" 

7000 

50-120 

700 


Homestead, 

Pa. 

45" 

2-5000 

40-80 

700 


Gary, Ind. 

44" 

8000 

40-100 

800 


Gary, Ind. 

40" 

6000 

40-90 

600 


South 

Chicago, Til. 

54" 

2-5000 

40-80 

700 


South 

Chicago, 111. 

40" 

7000 

40-120 

700 


Fairfield, Ala. 

46" 

7000 

50-100 

700 


Morrisville, 

Pa. 

45" 

2-6000 

40-80 

700 

Wheeling Steel Corp 

Steubenville, 

Ohio 

45" 

6000 

50-120 

700 

Youngstown Sheet & 






Tube Co 

Indiana 
Harbor, Ind. 

46" 

8000 

50-120 

700 


Indiana 

Harbor, Ind. 

45" 

2-5000 

40-80 

750 


♦Courtesy of “Iron and Steel Engineer.” 


speed. One of the normal speed ratings is 0/40/80, which 
represents speed control from zero to 40 r.p.m., which 
is the constant-torque range, on voltage control, and 
from 40 to 80 r.p.m., which is the constant-horsepower 
range, on field control. 

One of the original design problems on these motors 
was commutation and, in sizes above 4000 horsepower, 
they were built with two armatures on a single shaft. 
In recent years, however, the designs have been devel- 
oped so that an 8000-horsepowcr, 0/50/100 motor has 
been built with a single armature. Sizes and speed.s of 
some modem installations of these motors are shown in 
Table 24— IV. 

This table indicates that the most popular size is 
about 7000 horsepower. Some of the characteristics of 
such a motor are; 


Frame Diameter 197 inches 

Armature Diameter 148 inches 


Length of Shaft 295 inches 

Diameter of Shaft 32 inches 

Weight of Complete Motor 416,000 pounds 

Approximate Reversing 


Cycle f 50-0-50 r.p.m, — ^2 seconds 

[120-0-120 r.p.m. — 5 seconds 

A motor of this type was installed on the reversing 
roughing stand of a 132-inch semi -continuous plate 
mill at Coluinbia-Geneva Steel Division of United States 
Steel Corporation. This 7000-horsepower, 0/25/60 r.p.m. 
motor is really two 3500-horsepower motors mounted 
as a single unit. The armatures are of unusual construc- 
tion in that they have no conventional shaft. The spiders 
are bolted to stub flanged shafts at each end and the 
complete unit assembled at the mill. This design solved 
some of the shipping problems for the heavy pieces. 

When the power requirements for a reversing mill 
exceed 7000 horsepower, problems in motor and pinion 
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Fio. 24—10. Interior par- 
tial view of a motor 
room showing the drive 
motors and some auxil- 
iaries for the finishing 
stands of an 80-inch hot- 
strip mill (Irvin Works) . 


SECTION 10 

CONTINUOUS-MILL DRIVES 


Wide Hot-Strip Mills— The major development of 
continuous-mill drives was associated with the wide 
strip mills. There were in 1954 about forty of these mills 
in the United States, 36 inches and larger, whose com- 
bined production was about 40,000,000 tons. 

The conventional layout for these mills has a long, 
narrow motor room paralleling the hot-strip mill, be- 
tween the mill and the slab yard. This motor room 
houses all of the main-drive motors, the motor- 
generator sets, the gear-reduction units, control and 
switching equipment. Figure 24 — 10 shows the motor 
room in one of the modem mills. 

The drive motors for continuous mills follow a fairly 
uniform pattern, with the scale breaker and four rough- 
ing stands being driven by wound-rotor induction 
motors, and the six finishing stands driven by variable- 
speed DC motors. 

The roughing stands are spaced so that the slab is 
in only one stand at a time. 

The time the slab is in the rolls in the scale breaker 
and in Stands Nos. 1 and 2 is less than three seconds, 
offering ideal conditions for use of a regulator and fly- 
wheel combination. 

On the older mills, it was customary to use flywheels 
on the third and fourth stands also, but with the in- 
creased lengths of slabs now being rolled on modem 
mills, the time the piece is in the rolls often exceeds 
four seconds, which makes the value of the flywheel 
questionable. As indicated earlier, the amount of mo- 
mentum given up by the flywheel decreases rapidly 
with time, while the proportion of load taken by the 
motor increases with time. Hence, after three or four 
seconds, the motor may be driving both the mill and the 
flywheel. Modem installations of this type use 22-foot 
long slabs which are in the roughing passes for seven 
seconds. For this reason, flywheels were omitted and 
synchronous motors used for the main drives. 

The DC motors driving the finishing stands present 
more interesting features. In the earlier mills, it was 
thought to be of advantage to have these motors of the 
same size and speed to simplify stocking of r^lacement 
parts. This necessitated gear sets on each stand which 


were not only expensive but introduced chatter and 
extra inertia in the drive. The latest designs call for 
direct drive on all finishing stands except Nos. 5 and 
6, where the speed is too low for economical use of 
direct-connected motors. 

The basic data for calculating the horsepower re- 
quirements per stand for a continuous mill are based 
upon actual test. Composition of the steel, its tem- 
peratiire, speed of rolling, and width are variables in 
these data. In addition, allowance has to be made for 
the judgment that has to be exercised by the roller, who 
is given a certain size slab to be reduced in ten stands 
to a product meeting close dimensional tolerances and 
high surface-quality standards. To do this, the theo- 
retical reductions per pass may have to be varied, and 
it may be necessary to increase or decrease the draft on 
certain passes as compared with the calculated re- 
ductions. 

One of the measures used to compare the driving 
powers of hot-strip mills is the horsepower per inch of 
roll face. Since the main-drive motors may have dif- 
ferent maximum torques or overload ratings, it is cus- 
tomary to use both the normal and overload ratings in 
such a comparison. Table 24 — ^VI compares the horse- 
power per inch of roll face for eleven of the hot-strip 
mills operated by major steel companies. 

The DC finishing-mill motors are designed to operate 
on 600 volts. At this voltage, they will run at the base 
speed. If lower speeds are required, the DC generator 
voltage is reduced, which also decreases the horse- 
power output but does not change the torque. Higher 
speeds are obtained by weakening the DC fields in the 
motors by the field rheostats or, in the more modem 
installations, by changing the field voltage by means of 
the rotating type of control. The standard speed range 
for these motors on field control is 2:1 and they are 
designed to have very flat speed characteristics. 

When operating, the six finishing-stand motors must 
fimction as a unit and maintain their speed relationship 
regardless of load. Usually, a master control is installed 
so that, once this relationship is established, the iq>eed 
of the six stands can be raised or lowered as a unit. 
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Bethlehem 
Steel Corp. 
Sparrows 
Point 

56" Coni. 
Hot Striji 
Mill 

26.8 

10.71 

oq 

oo t- 

ga 

oo fc* 

gsi 

oo 

gfS 

14.3 

8.94 

85.7 

53.7 

85.7 

53.7 

85.7 

53.7 

85.7 , 85.7 

53.6 1 53.7 

71.6 ; 85.7 

44.6 1 53.7 

85.7 

53.7 

1090.0 

557.0 

Ford 

Motor Co. 

56" Cont 

Hot Strip 

Mill 

35.6 

14.3 

111.5 

1 44.6 

lO CO 

to (O 

a 5 

111.5 

44.6 

11.4 

7.16 

85.7 

53.6 

85.7 

53.6 

85.7 

53.6 


908.0 

459.0 

United States 
Steel Corp. 
Youngstown 

43" Cont. 

Hot Strip 

Mill 

29.1 

11.6 

145.5 

58.2 

CM 

145.5 

58.2 

145.5 

58.2 

18.6 

11.6 

i 

111.5 1 

69.7 

130.2 

8L4 

130.2 

81.4 

130.2 

81.4 

111,5 

69.7 

O CM 

sis? 

1330.0 1 

697.0 i 

Inland 

Steel Co. 

76" Cont. 

Hot Strip 
him 

32.8 

13.5 

98.5 

39.4 

98.5 

39.4 

98.5 

39.4 

98.5 

39.4 

10.5 

6.57 

73.7 

46.0 

73.7 

46.0 

73.7 

46.0 

o 

S2« 

73.7 

46.0 

73.7 

46.0 

880.0 

454.0 

Youngstown 

S. & T. Co. 
79" Cont. 

Hot Strip 

MiU 

47.4 

19.0 

00 o 
^ 00 
OJ CO 

94.8 

38.0 

94.8 

38.0 

158.0 

63.4 

r-4 CO 

O CD 
r-l 

70.8 

44.25 

70.8 

44.25 

70.8 

44.25 

in 

oo CM 

oo ^ 

g'ai 

70.8 

44.25 

! 

928.0 

468.0 

Great Lakes 
Steel Corp. 

Ecorse 

96" Cont. 

Hot Strip 

MUl 

26.1 

10.4 

78.0 

31.2 

78.0 

31.2 

78.0 

31.2 

p CM 
OO r-i 
t- CO 

8.34 

5.2 

o p 
iri 

o o 
ir> 

75.0 

47.0 

o o 
in 

c- ^ 

75.0 

47.0 

50.0 

312 

773.0 

407.0 

Bethlehem 
Steel Corp. 
lAckawanna 

79" Cont. 

Hot Strip 

Mm 

31.6 

12,65 

95.2 

37.9 

95.2 

37.9 

95.2 

37.9 

95 2 

37 9 

fH CO 

^ CM 

00 ir> 

70.8 

44,3 

70.8 

44.3 

70.8 

44.3 

91.2 

56.9 

91.2 

56.9 

50.6 

31.6 

o o 

oo 

Jones & 
Laughlin 

Steel Corp. 

96" Cont. 

Hot Strip 

MiU 

S5S 

O CM 

00 r-J 

CO 

78.0 

31.2 

78.0 

31.2 

78.0 

31.2 

o p 
uo 

p p 
irj 

75.0 

47.0 

P p 
irj 

i>- •«»* 

p p 
»o t- 

50.0 1 

31.2 1 

773.0 

407.0 

RepubUc 

Steel Corp. 
Cleyeland 

98" Cont. 

Hot Strip 

MiU 

20.4 

8.17 

(£} CD 

CD O 

CO 

CD CD 

CO CD 
t- PO 

CD CO 

CD O 

C- CO 

CD CD 
CD O 
r- CO 

9.78 

6.13 

73.6 

46.0 

CD p 

CO CD 

CD O 

73.6 

46.0 

p p 

CO CD 

CM 

in 
in CO 

o o 

gi 

United States 
Steel Corp. 
Gary 

80" Cont. 

Hot Strip 

Mm 

39.0 

15.62 

109.3 

43.75 

109.3 

43.75 

109.3 

43.75 

lO 

CO c- 

r-4 

P p 

55 ^ 

90.0 

56.25 

90.0 

56.25 


90.0 

56.25 

90.0 

56.25 

60.0 I 

37.5 

— ! 

1002.6 

519.3 

United States 
Steel Corp. 
Drarosbuig 

80" Cont. 

Hot Strip 

mu 

39.06 

15.62 

153.0 

43.75 

ld3.U 

43.75 

153.0 

43.75 

rH 

p w 

O CO 
rH 

112.5 

56.25 

112.5 

56.25 

150.0 

62.5 



150.0 

62.5 

p 

62.5 1 

31.25 1 

1398.56 

528.12 

Motor 

Bating 

Used 

O.L.R. 

N. 

td 

o 

O.L.R. 

N. 

O.L.R. 

N. 

. 

o 

O.Lil. 

N. 

O.L.R, 

N. 

4^ 

O 

O 

O.L.R. 

N. 

O 

0 

4^ 

0 

2K 

1 : 

scale 

Breaker 

•H 

i 

M 

n 

T 

Scale 

Breaker 

lO 

F-6 


to 

ii 

a* 

si T 

=. 

i 

1 

•H 

2 


d 


Tt 

& 

■s 

o 


(S • 

^ w 

IB 

r«2 

4^ 


II 

6 !^ 
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Table 24 — VII. Installed Horsepower and Generating Capacity — Tandem Cold-Reducing Mills 
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These motors are started by the Ward-Leonard system, 
the generator voltage being increased gradually imtil 
the motors are at the base speed. The motor-generator 
sets to supply these flnishing-mill motors have a 
synchronous motor as the driving unit and two genera- 
tors mounted on a common bed plate for each stand. 
Due to the time the strip is in the mill, flywheels 
would be a detriment and seldom are used. The syn- 
chronous motors usually are operated at leading power 
factor and correct the lagging power factor caused by 
the inductive load on the other drives. 

The top rating for these 600-volt, DC generators is 
about 4000 kw, due to commutator limitations. The 
number of these sets required for a mill varies from 
two to three, and the ratio of generator capacity to 
total motor-drive horsepower ranges from 0.60 to 1.50. 
The synchronous motors driving these sets must have a 
high pull-out torque capable of absorbing the sudden, 
high power peaks from the finishing stands. 

The generators must operate in parallel and receive 
their excitation from separate exciter sets. It is es- 
sential that the voltage on the drive motors be kept 
constant, which is accomplished by sensitive voltage 
regulators. The load on the generators varies from 
frictional load to 200 per cent of the full-load rating. 
Since the synchronous motors on these sets are used for 
power-factor correction, it is sometimes necessary to 
use automatic regulation on the shunt fields to prevent 
wide fluctuations in the phase angles of the corrective 
power. 

Tandem Cold-Reduction Mills — Another type of con- 
tinuous mill is the cold-reduction tandem mill. Mills of 
this type have three, four, or five stands, with a reel to 
wind up or coil the cold- reduced product. The electrical 
prol>lem here is more difficult than on the hot-strip 
mill, because tension maintained in the product between 
the stands must be controlled within close limits. The 
speeds on this type of mill have been gradually in- 
creased, several mills having a top finishing speed of 
6000 feet per minute. Direct-connected motors are used 
on all stands, and there are a few installations using 
direct-connected, twin-motor drives on Stands Nos. 4 
and 5 on five-stand mills. Table 24 — ^VII gives motor 
and generator data on some modem tandem cold- 
reduction mills. 

Continuous Billet Mills — Modem continuous billet 
mills are provided with individual motor drives at each 
stand. On the 30-inch mill at Fairlcss Works, each stand 
(three vertical and three horizontal) is driven through 
gearing by a 1750-horsepower, 300/600 r.p.m., 600- volt, 
direct- current shunt motor. They are supplied with 
power from a motor generator set consisting of four 
2000-kw generators driven by an 11,200-horsepower, 
514 r.p.m., 13,800-volt synchronous motor. The 21 -inch 
billet mill at the same plant consists of two vertical and 
two horizontal stands, each individually driven by a 
1 250-horsepower, 400/600 r.p.m., 600-volt, direct-current 
shunt motor through gears. The power for these drives 
is supplied by a motor-generator set consisting of two 
2000-kw generators driven by a 5600-horsepower, 514 
r.p.m., synchronous motor. 

Continuous Bar Mills — Individual motor drives are 
also provided for the separate stands of modem con- 
tinuous bar mills. At the 10-inch mill at Fairless Works, 
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there are 18 two-high stands, all in line. Ten have 
horizontal rolls and eight have vertical rolls. Each 
stand is driven by a 600-volt, direct- current motor, in 
sizes ranging from 400 to 700 horsepower. Power is 
supplied by a motor-generator set composed of three 
2500-kw generators, one 150- kw exciter, and a 10,500- 
horsepower, 514 r.p.m., 13,200- volt synchronous motor. 

Continuous Rod Mills — Continuous rod mills consist 
of numerous stands arranged, for drive purposes, in 
groups with an individual motor driving the two or 
more stands in each group. The selection and distribu- 
tion of motors in such a mill is dependent upon roll 
speed, roll diameter, amount of reduction in each stand, 
the horsepower required, and the degree of flexibility 
of control of the mill as an operating unit. The new 
straight-line continuous rod mill at Cuyahoga Works 
of the American Steel and Wire Division of United 
States Steel Corporation will roll 3V4-inch square 
billets, 30 to 34 feet long, into coiled rods from about 
^-inch to 1%-inchcs in diameter. The motors with 
their speed ranges were selected as shown in Table 
24— VIII. 

Table 24 — ^VUI. Motor Drives for Modem Continuous 
Rod Mill. 


Roughing Train 

Horse- 

power 

Speed 

(r.p.m.) 

Drive No. 1 - Stands 1 and 2 

600 

300 - 950 

Drive No. 2 - Stands 3, 4 and 5 

1250 

225-675 

Intermediate Stands 

Drive No. 3 - Stands 6, 7, 8 and 9 

1750 

200-550 

Finishing Stands 

Drive No. 4 - Stands 10 and 11 

1500 

225 - 580 

Drive No. 5 - Stands 12 and 13 

1250 

225 - 620 

Drive No. 6 - Stands 14 and 15 

1250 

225 - 620 

Drive No. 7 - Stands 16-23, inch 

4500'‘» 

690-960 

Drive No. 8 - Stand 16a^**^ 

700 

200 - 690 

Drive No. 9 - Stand 178^**^ 

700 

250-790 


Motor set consists of one double-armature and one 
single-armature motor. 

Looping stands 16a and 16b are used for rolling %-inch 
to IV^-inch diameter rods. In this case, Stands 16 to 23 
are not used. 

Continuous Seamless Tube Mill — In the continuous 
seamless tube mill at Lorain Works of the National 
Tube Division of United States Steel Corporation (sepa- 
rate milb of which are described in Chapter 41), the 
piercing mill is driven by a 4500-horsepower, 225 r.p.m., 
13,800-volt, synchronous motor through a reduction 
gear having a ratio of 2.25:1. The nine continuous stands 
of the mandrel mill are individually driven by direct- 
current motors with a combined rated capacity of 
8500 horsepower. The product from the mandrel mill, 
after reheating, is further processed in either the 
stretch-reducing mill or the sizing mill. The stretch- 
reducing mill is made up of twelve two-high, overhung 
roll stands; each roll stand is individually driven by a 
200-horsepower, 850/1700 r.p.m., 600-volt, shunt motor. 
The sizing mill consists of twelve overhung roll stands, 
each with an individual drive consisting of a 76- 
horsepower, 850-1700 r.p.m., shunt motor. 


SECTION 11 

MOTOR-ROOM VENTILATION 

A very important feature of the motor rooms for It is necessary to supply sufficient clean air to maintain 
large electrical installations is the ventilating system, normal operating temperatures for the equipment. 
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Several recent installations have been designed with 
down-draft recirculating systems, where the air which 
passes into the motors and generators is discharged into 
the basement, pulled or blown through surface-type 
water coolers, and sent back to the motor room. Since 
there is always some leakage, a certain amount of 
make-up air is required, and this is introduced into the 
basement through a cleaning system. 

Several installations have allowed for only 10 per 
cent make -up air, which may have been adequate when 
the building was new but, a:: cracks developed and 
loose joints appeared in the structure, this quantity of 
make-up air was too small and, as a result, outside air 
infiltrated into the building. TTiese recirculating sys- 
tems also have the detrimental effect of picking up the 
carbon dust from the brushes of the motors and gener- 
ators and, in the recirculating process, this dust is 
deposited in the windings since no cleaning equipment 
is included in the indoor system. If a closed system is 
specified, the make-up air provided for should be at 
least 25 per cent. 

The o^er type of ventilating system supplies 100 per 
cent new air which is blown into the basement through 
a cleaning system, then forced up through the motors 
into the motor room, where a positive pressure is 
maintained that prevents infiltration. This system re- 
quires larger fans and motors than the recirculating 


system, but requires no cooling-water system axui is 
less costly to maintain. Usually, there are three or four 
fans operated as needed so that, in winter time, the heat 
from the motors can be used to warm the room. 

In the recirculating system, the cooling system has 
to be designed so that the difference in temperature 
between the cooling water and the outgoing air is not 
less than 10 ® F. Since the air delivered to the machines 
should not be above 104 ” F, the cooling water should 
not be warmer than 94 ®F. The following table indicates 
the amount of air required for cooling per kw loss in 
each machine; 


Cubic Feet of Air 
Per Minute 
Per KW Loss 
100 
110 
120 
130 


Rise in 

Air Temperature 
(Degrees F) 

32.9 

29.9 
27.4 
25.3 


For cleaning the air, various tsrpes of filters have been 
used. The oil-immersed traveling-screen type, one of 
the early designs, did not remove the fine particles of 
soot and smoke from the air, and the oil was a fire 
hazard. Later installations favor the electrostatic type 
of air cleaner that eliminates even the finest foreign 
particles from the air. 


SECTION 12 

AUXILIARY DRIVES 


The auxiliary drives on mills are as important as the 
main drives, and require proper application and co- 
ordination of types and sizes of motors. Both AC and 
DC motors are used, the former being the accepted ones 
for driving fans, pumps, and, occasionally, shears and 
run-out tables. The majority of the motors, however, 
are miU-type DC units, because of their ruggedness 
and the many operating characteristics that can be 
built into them. These mill-type motors were developed 
by the steel industry in cooperation with the electrical- 
equipment manufacturers for use in the rough service of 
driving mill tables, heavy-duty cranes, manipulators, 
etc. Their ratings and principal dimensions have been 
standardized by the Association of Iron and Steel Engi- 
neers into eleven frame sizes, ranging from 5 horse- 
power to 200 horsepower, based on the 1-hour rating. 
They can be obtained with several designs of windings 
from straight series to shunt, and with various types 
of ventilation. The designs are very rugged, and the 
armatures have low inertia in comparison with general- 
purpose motors. Table 24 — IX describes motors for 
various auxiliary-drive applications. 

Table Rollers — ^The early strip-mill run-out table 
rollers were equipped with variable-speed AC motors, 
one per roller, and speed variations were obtained by 
varying Ae frequency of the power supply by a 
variable-speed motor-generator set. Since 1937, the 
DC mill-type motor has been used for this application. 

Schloemann rollers, a German design, in which the 
movable part of the table roller is the rotor of the motor 
and the stationary part wound to form the stator of an 
induction motor, have been used on some mills. When 
such rollers handle hot products, they must be water 
cooled. Speed variations are obtained by frequency 
control from a motor-generator set. 

In modem mills, the rollers may be driven by Individ- 
ual, small direct-current motors of 3 to 4 horsepower, 
or they may be arranged in consecutive groups with 


each group driven separately by a direct-current motor 
of ample size through a line shaft and gearing. Variable- 
voltage control is used to regulate the speed of the table 
rollers. The current generally is supplied by a motor- 
generator set. 

Screw -Downs — ^Proper selection of motors for screw- 
down drives on the various mills is very important. In 
some mills, such as blooming and slabbing mills, a max- 
imum roll lift of 66 inches may be required, with lifting 
speeds of up to 645 inches per minute. On strip mills, 
a maximum operating lift of only a few inches may 
be required, but the opening must be controlled within 
a few thousandths of an inch. 

Regardless of the speed or distance involved, the 
screw-down motor and control must be capable of 
positioning the rolls within close limits. The inertia 
of the armature and brake wheel makes this a difficult 
problem, even with a compound-wound motor, and has 
resulted in the adoption of the Ward-Leonard system of 
control. This system has an added advantage in that 
it limits the amount of torque that can be applied to the 
motor, thus preventing damage to the screws by 
jamming. 

On primary mills, modem screw-down drives usually 
consist of two 230-volt, DC motors of 100 to 200- 
horsepower rating. If operating imder variable-voltage 
control, they are shimt motors with shtmt brakes. If 
magnetic control is used, they are compound wound 
with reversing, plugging, dynamic braking, series- 
parallel control. Ibe parallel connection is used to ob- 
tain higher speeds for long screw-down travel. 

Another feature that can be incorporated in the con- 
trol is the automatic preset device. In mills rolling fair- 
sized orders of a given product, this device positions the 
rolls automatically after each pass to give the correct 
reduction for each succeeding pass. Thus, the operators 
can concentrate their attention on the control of the 
main drive, table and manipulator motors, the screw- 
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Table 21— IX. Motor Shea on Screwa, Manipulators, Shears, Etc., on Modem Blooming and Slabbing Mills* 


Company and Size of Mill 

Great 

Lakes 

46-inch 

U. S. Steel 
Morria- 
ville, 

Pa. 

40-inch 

U. S. Steel 
Braddock, 
Pa. 

45- inch 

Inland 

Steel 

46-lnch 

Jones & 
Laughlin 
46- inch 

Youngs- 
town 
Sheet 
and Tube 
45-inch 

Screw Motors (No. and hp.) . . 

2-150 

2-150 

2-200 

2-150 

2-200 

2-200 

Screw Motor Control 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 

Manipulator Motors 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

(No. and hp.) 

4-150 

4-100 

4-150 

4-150 

4-200 

4-150 

Lift Fingers (No. and hp.) 

4-50 

2-100 

4-150 

4-150 

2-150 

1-150* * * 

Manipulator Control 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 

Front Table Drive 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

(No. and hp.) 

2-150 

2-100 

2-150 

2-150 

2-200 

2-150 

Front Table Control 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 

Back Table Drive 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

(No. and hp.) 

2-150 

2-100 

2-150 

2-150 

2-200 

2-150 

Back Table Control 

Variable 

Variable 

Variable 

Variable 

Variable 

Variable 


Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Shear (maximum size cut) .... 

64 in. X 6 in. 

16in.x22in. 

60 in. X 9 in. 

40 in. X 8 in. 

800 sq. in. 

600 sq. in. 

Shear Motors (No. and hp.) . . . 

2-275 

2-250 

2-250 

2-275 

Hydraulic 

2-500 

Shear Motor Control 

Variable 

Variable 

Variable 

Variable 

Pressure 

Variable 


Voltage 

Voltage 

Voltage 

Voltage 

Pumps 

Voltage 


* Courtesy, “Iron and Steel Engineer.” 

**A11 auxiliaries under variable- voltage control. 


down settings for each pass being made automatically. 

Manipulators and Side -Guards — Mill tests have 
shown that steel being rolled on primary mills is in the 
rolls only from 25 to 70 per cent of the total rolling 
time, the remainder of the time being required for 
screw-down, manipulator, and table operation. In a 
modem slabbing mill, the maximum opening of the 
side-guards is 115 inches, with an overtravel of 40 
inches to permit changing of the table rollers. Each of 
the side-guards is driven by a 150- or 250-horsepower 
motor. Due to the heavy plugging service required for 
these devices, and the heavy moving mass that has to be 
controlled, modem installations are using shunt- wound, 
variable-speed motors with Ward-Leonard control for 
this service. 

The lift fingers on the manipulators are required to 
make four-foot lifts and complete the cycle in two 


seconds. They always must stop below the top of the 
rollers, and represent another application for variable- 
voltage control. Where magnetic control is used, 
compound-wound mill-type motors with reversing, 
plugging, dynamic-braking features, plus a jamming 
resistor and arranged to operate two motors in series 
with series brakes, should be specified. 

Blooming-Mill Shears — Blooming-mill shears can be 
driven either electrically or hydraulically. Many of the 
older installations were driven by an induction motor 
with high secondary resistance to allow the flywheel to 
supply the peak power for the cut. The motor ran 
continually and the shear was actuated through a clutch. 
Some of the more recent shears are of a start-stop 
type, driven by two shunt-wound motors of 200 to 300 
horsepower, each equipped with a shunt brake and 
variable-voltage control. 


SECTION 13 

FUTURE DRIVES 


This resum6 on drives for steel mills is indicative of 
the ever-changing design in electrical apparatus. It 
is no longer a problem to add loads of many thousands 
of horsepower to existing systems. Motors have been 
improved in design and increased in rating so that they 
can be obtained for all types of service. Improved con- 


trols, too, have kept pace with motor improvements, 
so that it is possible to maintain close relationship be- 
tween individual large motors on successive continuous- 
mill stands rolling product at rates up to 6000 feet per 
minute. 

The present trend is toward still greater flexibility In 
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drives. Recent continuous mills have been designed with 
separate generators for each drive motor; this allows 
the greatest range in speed. 

Some few mills are introducing the mercury-arc 
rectifier as a source of DC power to substitute for the 
motor-generator set. With electronic control, this de- 
vice can maintain voltage within very close limits and 
has a higher over-all efficiency than a motor-generator 
set. 

The story of motor drives for mills is one of continual 
improvement in design to obtain higher speeds and 
closer regulation, to provide for more and better 
products from the mills. 



Chapter 25 

ROLLING OF STEEL INGOTS TO BLOOMS, 
SLABS AND BILLETS 


SECTION 1 

PRODUCTION OF BLOOMS AND SLABS 


Introductory— Prior chapters have described the sev- 
eral processes for making steel and the production and 
treatment of steel ingots. This chapter relates to the first 
stages in forming useful products from ingots by hot 
rolling. Hot working by other means, such as forging 
by hammering or pressing, was discussed briefly in 
Chapter 19. 

These early stages consist of a series of operations 
whereby the ingot cross-section is reduced to a square, 
oblong, round, or other simple shape, all having rounded 
corners, and of dimensions approximate to nominal 
specified size. The length of the ingot is increased, cor- 
responding to the decrease in cross-section. The con- 
cluding operations cut a relatively short length called 
crop from each end of the rolled piece as scrap, and cut 
the remaining long piece, if necessary, into multiples to 
suit the required lengths or weights for subsequent 
operations. 

These resulting pieces are known by the general 
names: blooms, slabs, and billets. There is no widely 
accepted precise definition for any of those terms, and 
local applications of the terms are used somewhat on a 
iraditional basis. Distinctions are made according to 
^^(meral appearance, influenced by overall size and the 
ju’oportions of the three linear dimensions, and also by 


intended use. The distinction between blooms and billets 
is principally a distinction of size, billets being smaller 
than blooms in cross-sectional area, and both having a 
length several times greater than their maximum cross- 
sectional dimension. The distinction between blooms and 
slabs is principally one of cross-sectional dimension 
proportion, blooms tending to be round, square, or 
nearly square, and slabs being always oblong and tend- 
ing to be relatively wide, thin, and (until recently) of 
short length. There are many exceptions, and there are 
special names for pieces intended for special uses. 

For example, any piece to be rolled into a plate al- 
most invariably is called a slab, regardless of size or of 
dimension proportion. Likewise, any piece produced on 
a billet mill is termed a billet, regardless of shape and 
.size, with the exception of round billets. Round billets 
intended for seamless-tube piercing, especially if in 
short lengths, are usually known as tube rounds. Blooms 
in short lengths are sometimes called blanks, or blocks, 
and special-shape blooms for structural sections fre- 
quently are called blanks regardless of length. 

A rude guide using only the cross-sectional char- 
acteristics as the distinguishing features, which may 
serve in place of definitions, is shown schematically in 
Figure 2.i— 1. 


GENFiRAL FEATURES OF BLOOMING AND SLABBING MILLS 


It is possible, and often quite economical, to roll ingots 
directly through the bloom, slab, or billet stage into 
more refined and even finished steel products in one 
niill, of varying numbers of stands from one to about 
twenty, in a continuous operation, frequently without 
any reheating. Large tonnages of standard rails, wide- 
flange beams, and plates, and a lesser proportion of 
wide hot-rolled coiled strip are produced regularly by 
this practice from ingots of medium to large size. A few 
very small plants follow a similar practice in rolling 
small ingots, such as 4-inch to 6-inch squares, directly 
into wire rods, concrete -reinforcing bars and other bar 
products. 

However, most of the ingot tonnage is rolled into 
blooms, slabs, or billets in one mill, following which 
they are cooled, stored, and eventually rolled in other 
mills or forged. The reasons for this more common prac- 
tice are primarily economic; sometimes size or shape 
of product and certain quality requirements peculiar to 
the final article to be mantlfactured determine the steel- 
rolling method. 

A variety of names for mills rolling ingots has come 


into common use to differentiate between them in refer- 
ence to the particular kind of product intended or gen- 
erally produced, the basic mechanical design features, 
or the general layout of the mill. For a long time, the 
term blooming mill was used rather commonly for all 
such mills, but, with the increasing variety, it has come 
to be restricted by many to a mill producing blooms, 
and the term primary mill is gaining acceptance as a 
generic term to cover both blooms and slabs. In addition 
to a name, these mills are designated as to size, ex- 
pressed in inches, with the result that almost every mill 
is known by a combination of size and descriptive name 
which, taken together, with the size always expressed 
first, indicate a rough mental picture of the mill; for 
example, 54-inch blooming mill, or 43-inch three-high 
mill, or 45-inch slabbing mill. 

The composite name applies specifically to the roll 
stand, or to the first roll stand if the mill is a multiple- 
stand one. However, the name is used as an abbreviation 
for the entire group of facilities needed to produce 
blooms, slabs, or billets and for the organization operat- 
ing them, known more properly as a mill department. 
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TYPICAL CROSS-SECTION 
AND 

DIMENSIONAL CHARACTERISTICS* 



SLAB 


ALWAYS OBLONO 
MOSTLY 2 TO 6 INCHES THICK 
MOSTLY 24 TO 60 INCHES WIDE 



BLOOM 


SQUARE OR SLIGHTLY OBLONG 
MOSTLY IN THE RANGE 6"X6" TO 10*' X 12** 



BILLET 


MOSTLY SQUARE 

MOSTLY IN THE RANGE 2’'X2" TO 5*'X5" 

** DIMENSIONS USUALLY GIVEN TO NEAREST ROUND NUMBER. 

ALL CORNERS ARE ROUNDED, AS SHOWN. 

Fic. 25—1. Comparison of the relative shapes and sizes of 

rolled steel governing nomenclature of products of pri- 
mary and billet mills. 

Primary-Mill Activities— The activities of all primary 
mills are the same, and it follows that the facilities for 
carrying out these activities are fimdamentally the 
same in all mills, but they differ in detail according to 
the particular requirements of each mill. The primary 
operation is the conversion of a steel casting (the ingot) 
into a rolled steel product; the secondary fimction of 
the rolling operation is to produce this rolled steel prod- 
uct in pieces of the desired cross-sectional dimensions 
and weights. Auxiliary operations, outlined below, in- 
clude cropping, conditioning, cutting to length, and the 
collection and assorting of crops, roll scale and other 
by-products that are subsequently delivered to the 
steel-producing and blast-furnace departments. 

The primary operation is carried out in a sequence of 
thermal and mechanical operations: 

(a) Heating the ingots (discussed in Chapters 20 and 

21 ). 

(b) Breaking up the coarse crystalline structure of 
the ingot into a refined structure by heavy rolling pres> 
sure and recrystallization during hot working. 

(c) Closing solidification voids by the same means 
as in (b). 

(d) Cutting off such portions of steel as are metal- 
lurgically (both physically and chemically) unsuited for 
the intended final purpose. 

(e) Cutting off test specimens. 

(f) Cooling to atmospheric temperature those prod- 
ucts not destined for immediate further hot working. 

The secondary function is performed in conjunction 
with operations (b) , (c) , and (d) , above, since diey can 


be carried out with the same facilities. The essential 
steps in performing the secondary function are: 

(a) Positioning the rolls, which have been shaped to 
produce the desired cross-section. 

(b) Cutting the rolled piece to measured length or to 
specified weight per piece. 

(c) Weighing individual pieces, or weighing and 
measuring test specimens. 

The auxiliary operations pertain to the rolled product 
and the by-products: 

(a) Conditioning the steel products by removing in- 
jurious surface imperfections, removing portions con- 
taining injurious internal defects, and by correcting 
physical conditions by straightening bent pieces, cutting 
overlength pieces to proper length, and so on. 

(b) Collecting identified crops, other ferrous scrap, 
roll scale, and cinder and delivering these by-products 
to steel-producing and blast-furnace departments. 

In order to carry out these activities, aU primary mills 
have the same general kind of facilities and ^1 are 
operated In the same general manner, but no two are 
exactly alike, although there are a few instances of close 
similarity. The differences among mills are due to the 
sizes of ingots and product, the particular kind of prod- 
uct and the quantity required to be rolled in a given 
time, as well as to the date when the mill was built or 
subsequently altered, and to the most economical kind 
of fuel and power available at that time. The differences 
are in size, in details of design, in the auxiliary equip- 
ment provided, and in the arrangement with relation to 
other facilities, especially those producing the ingots and 
those rerolling the products of the primary miUs. 

In a large number of present-day mill arrangements, 
the primary mill supplies hot steel products either 
directly or through reheating furnaces to other mills 
producing semi-finished products such as billets and 
coiled strip, or finished products such as rails or struc- 
tural shapes, and the number of such mills supplied by 
one primary mill is from one to three in various tandem 
and parallel combinations. When the product coming 
from the primary mill is rolled, while it is still hot and 
without reheating, directly in a succeeding mill, rolling 
capacities must be considered. In the ideal case, the 
primary mill will just keep the succeeding mill or mills 
busy, without loss of time in either the primary mill 
or the succeeding mills. The arrangement of the mills 
determines the material-handling facilities and the size 
and location of the mill buildings. 

The basic operation in a primary mill is the gradual 
compression of the steel ingot between the surfaces of 
two rotating rolls, and the progression of the ingot 
through the space between the rolls. The physical 
properties of the ingot prohibit making the total re- 
quired deformation of the steel in one pass through the 
rolls, so that a number of passes in sequence are always 
necessary. There are several ways in which a sequence 
of passes can be made, and some particular way is 
selected by choosing one which is suited to the quality 
of material to be produced and also likely to be the least 
expensive. This choice determines the general type of 
mill. The elements of pressure, motion, weight, and time, 
together with the sizes of ingots and sizes of products, 
plus the quantity of product desired in a given time 
period, determine the size and design of the mill. 

Each type of mill has been developed to meet a defi- 
nite need, and, in performing this one task, it is superior 
to other types. However, mills are expensive to inatall 
and are capable of long life, while changing conditions 





BLOOMING AND SLABBING MILLS 






Fig. 25—2. Diagrammatic representation of the sequence 
of rolling operations involved in reducing an ingot to a 
slab on a reversing two*high mill. 

in the steel industry sometimes result in a number of 
changes in the needs to be met by a primary mill during 
the period of its useful life. This results in adapting 
existing mills to new needs, frequently with alterations 
to some of the facilities, and many of the present-day 
primary mills are rolling ingots and producing products 
that were not contemplated when the mills were built. 

The general characteristics of each of the types of 
primary mills is outlined below. 

Two-High Reversing Mill — In the phrase “two-high 
reversing mill,” the term “two-high” refers to the fact 
that the mill consists of two rolls, one over the other, 
as in Figure 25 — 2. “Reversing” means that after the 
piece has gone through the rolls in the direction of the 
first pass, the rolls are brought to a standstill and then 
caused to rotate in the reverse direction shown in Pass 
No. 2, so as to impose the next reduction on the piece 
(the next pass), and so on until the piece has been 
reduced the desired amount. This type of mill has maxi- 
mum flexibility in size range of ingot and product, as 
well as wide range of adjustment in the amoimt and 
rate of steel deformation in any pass. The mill is manu- 
ally operated in order to permit instant variations in 
practice, the crew on electrically-driven mills consisting 
of two men and three on steam-driven mills. A very 
high degree of «lc<ll is essential in each man in his own 
duties ip addition, there is the necessity for com- 


465 

plete coori^ation among crew members of all motions 
of the equipment if the highest production rate is to be 
attained, since each individual is controlling a part of 
what is, in effect, one machine working on one piece of 
steel. 

For the same size ingot rolled to the same size product, 
this type of mill has a lower production rate, in terms 
of tons per unit of time, than any of the others, and it 
was due to this relatively low output rate that the other 
types were devised. However, the two-high reversing 
mill remains the principal type in use, exceeding in 
numbers aU other types combined, by a wide margin. 
Its chief characteristic, flexibility, is so valuable that this 
type of mill is combined frequently with other types to 
compensate for low production rate, the extreme being 
two two-high mills of different sizes arranged in tandem. 
Many such combinations are in operation at this time. 

While there is no limit to the size or weight of ingot 
for which this type of mill is used, there is an economic 
limit to the length of piece which should be rolled from 
one ingot on one mill. It is determined by two factors: 
inertia of moving parts of equipment, and size of build- 
ing to house the mill. The ingot is a relatively short 
casting, mostly from five to nine feet long. Mill parlance 
refers to length of ingots as their height, because they 
are poured vertically and this dimension is height at 
first, but the mill operates on the ingot when the latter 
is in a horizontal position. In the early passes, the length 
of the piece is so short that one to three revolutions of 
the rolls is sufficient to complete a pass, and the rolling 
speed is preferably very slow. Reversals can be rapid, 
power loss in reversing is relatively slight, and impact 
among moving parts is light. As the piece becomes 
longer in successive passes, the rolling speeds must be 
increased if the steel is not to lose too much heat. At 
high speed, the motion in one direction is only a few 
seconds in duration, but reversals at high speed consume 
excessive power and subject all the moving parts in the 
mill tables as well as in the mill and the mill drive to 
severe shock, even with the best electrical controls. The 
mill table should be as long on each side of the mill as 
the rolled piece, plus adequate clearance for manipu- 
lation. Any appreciable increase in length of the rolled 
piece requires the combined length of the tables on both 
sides of the mill stand to be increased by twice that 
amount and requires a corresponding increase in length 
of building for proper accommodation. This economic 
limit of length of an uncropped piece rolled from ah 
ingot seems to be about 90 feet. 

The two-high reversing mills in use today are of three 
forms. The predominating form, known simply as a 
blooming mill, is provided with one pair of horizontal 
rolls in which several grooved passes provide the means 
of controlling the shape of the piece during rolling, and 
particularly of working the comers of the piece. This 
form of mill exists in a wide range of sizes and is de- 
signed to roll ingots of square or nearly square cross- 
section with a maximum thickness of about 34 inches, 
and can edge vertically, in a grooved pass, a piece of 
about 40 inches maximum width. A typical modem 
example is the 46-inch blooming mill in the Lorain 
Works of National Tube Division of United States Steel 
Corporation, shown in Figure 25 — 3. 

A variation of this form, designed for edging pieces 
up to about 78 inches wide resting on their narrow edges, 
is known as a high -lift blooming mill and occasionally 
as a blooming and slabbing milL It differs from the more 
conventional form in being provided with higher mill 
housings to permit greater elevation of the top roll for 
the edging passes on wide pieces. The roll body la usu- 
ally longer and has fewer grooved passes, and the motors 
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Fic.25— 3. The 46-inch 
two-kigh reversing 
blooming mill in the 
Lorain Works of Na- 
tional Tube Division 
of United States 
Steel Corporation. 
Relation^ip of this 
mill to other mills in 
the No. 4 Blooming, 
Bar and Billet Mill is 
diown in Chapter 41. 




Fig. 25— 4. The 45-inch, 
high-lift, two-high, 
reversing blooming 
and slabbing mill at 
the Geneva Works 
of Columbia-Geneva 
Steel Division of 
United States Steel 
Corporation. 
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Fic. 25—5. Overall view of the 45-inch universal slabbing miU in the Homestead District Works, designed and oper- 
ated solely for the production of slabs. Auxiliaries of this mill are shown in Figures 25—9 to 25—12, inclusive. 


which operate the screws for controlling top-roll eleva- Rolling a certain size ingot to a certain size bloom is 
tion are usually larger in order to provide faster raising done at the same rate in the conventional and the high- 

and lowering of the top roll. This latter feature is pro- lift blooming mills. The installation cost of the latter is 

vided since edging passes are few in number but require slightly higher. Rolling the same size ingot to the same 

excessive time unless the top-roll travel is accomplished size slab is done at a somewhat faster rate in the uni- 
in no longer time than that required for the manipulator versal slab mill than in the high-lift blooming mill, but 

to turn the ingot 90 degrees. This form of mill can be the installation cost of the universal slab mill is sub- 
provided with interchangeable sets of rolls so that it can stantially higher due to the cost of the vertical roll 

produce not only wide slabs but also blooms and, for assembly and the additional prime mover to drive it 

this reason, it has been installed rather widely since Before the high-lift mill was developed, the universal 

around 1940. It has the greatest range in sizes of ingots mill was the means for producing wide, heavy slabs for 

and products of all three forms. The 45-inch high- plate mills, and it has been b\iilt in sizes to produce 

lift blooming and slabbing mill at Geneva Works of widths to about 78 inches, maximum. 

Columbia-Geneva Steel Division of United States Steel Two-High Tandem Mill — ^This mill consists of several 
Corporation, shown in Figure 25 — 4, is a modem ex- single stands, each containing one pair of rolls, spaced 
ample of this tjrpe. one following another at such distances as to permit the 

A third form, actually a special-purpose mill limited rolled piece to be free between stands. Normally, the 

to the production of wide slab sections, is the universal piece is rolled one pass in each stand, but at Edgar 

slabbing mill, often referred to simply as a slab mill. Thomson Works a unique arrangement of tables (Figure 

It is designed to increase the production rate for wide 25 — 6) transfers the piece from the second stand back 

slabs by avoiding expenditure of the time required for to enter the first stand and second stand again for the 

vertical edging passes in a blooming mill, and is pro- third and fourth passes. 

vided with a pair of vertical rolls in addition to the pair Because each stand rolls only one pass, there is no 
of horizontal rolls, the vertical rolls performing the time lost in reversing the travel of the piece, with the 

edging. In this arrangement, no grooves are used in result that this type of mill has the maximum output 

either pair of rolls. This lack of grooves prevents support rate of all types. In addition, each stand can be designed 

of the ingot comers during rolling, and also limits the for the almost ideal draft and rotating speed for each 

mill to production of slab sections, since it is incapable of the successive rolling passes. This is a great advantage 

of avoiding consistently the inadvertent production of a in the early passes where the weakening effect of the 

diamond-shaped product in square or nearly square ingot crystal structure exists. Opposed to these three 

sections. The slab product rolled on universal mills has very desirable features is the narrow limit of ingot and 

relatively sharp comers compared to that of the other product cross-sections which the mill can roil without 

niiUs. Figure 25 — 5 illustrates the 45-inch universal sacrificing the advantages by excessive idle time to 

slabbing mill at Homestead District Works of United change rolls and by compromise on roU-pass designs. 

States Steel Corporation. For these reasons, the tandem mill is used as a roughing 
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Fig. 25-~6. Unique arrangement of transfer tables at Edgar Thomson Works making it possible to return a rolled 
bloom from the second stand back to the first stand for another pass in each of the two roll stands. Four passes may 
be given in the two stands combined, without the necessity for reversing either mill. The arrows indicate the path 
of travel of the steel. While not indicated in the sketch, the piece is turned end for end before entering No. 1 stand 
the second time. 


mill to supply hot steel to succeeding mills which permit 
flexibility in product sizes, but is confined to a narrow 
limit in ingot cross-section dimensions. 

Two installations have been built in which a tandem 
mill was followed by continuous billet mills, and the 
entire mill in each case sometimes was called a con- 
tinuous mill. This designation is slightly misleading with 
respect to the tandem roughing mill. 

Due to the large amount of equipment in a tandem 
mill, it is the most expensive mill to build for a given 
ingot-to-product reduction but, when scheduled to full 
capacity, its operating cost per ton of product is lower 
than that of any other type mill rolling the same-sized 
ingot to the same product. A tandem mill can roll any 
size of bloom or slab for which it is designed, but its 
application has been to the medium and small sizes, at 
least up until 1955, since these were the only sizes in 
which sufficient orders could be obtained to provide the 
quantity of production to match the capacity of a tandem 
mill designed to roll them. 

Three-High Mill— This type of mill consists of one 
stand containing three horizontal rolls, one above the 
other, each of which has grooved passes, and an elevat- 
ing table on each side of the mill so that the piece being 
rolled can be passed alternately between the bottom 
and middle rolls and between the top and middle rolls. 
In order to keep the roll dimensions and mill and table 
dimensions from being prohibitive in size, a compromise 
pass design is used wherein the grooves in the middle 
roll are used for rolling both with the top and with the 
bottom roll. This method limits the reduction possible 


in the second pass through each middle-roll groove to 
less than that possible in single passes. The rotating 
speed of the mill is also a compromise, since each pass 
should be progressively faster than the one preceding, 
but, with all passes in one set of rolls, that is impossible. 
The speed selected is usually too fast for the early passes 
and too slow for the last ones. There are normally five 
or seven passes, so that it is often necessary to employ 
heavy ragging in at least the first two passes to prevent 
slippage of the steel both in entering the pass and during 
rolling. 

Because the rolls rotate in one direction only and at 
constant speed, a relatively simple and inexpensive 
constant-speed prime mover, aided by a flywheel, is 
used as the main drive. No power is lost overcoming 
inertia as there is no reversing. Raising and lowering 
the tables to guide the piece into successive passes can 
be accomplished in less time than the corresponding 
manipulations in a reversing mill. For these reasons, a 
three-high mill is less expensive to build and has a 
higher output rate than a two-high reversing mill rolling 
the same ingot to the same product. 

Opposed to these favorable featimes are certain dis- 
advantages. Like the tandem mill, the three-high mill 
with its fixed passes is rather inflexible with regard to 
size of ingot cross-section and product, except at the 
expense of serious operating delays due to roll changing. 
Then, too, its usual rather fast rolling speed in the first 
few passes makes it less desirable generally for the 
rolling of ingots in these passes. 

The three-high mill is best adapted to a place as an 


Fig. 25—7. A 40-inch, 
three-high blooming 
mill, forming an inter- 
mediate stand that rolls 
roughed down ingots 
(from another mill 
stand) to blooms that 
are supplied to the 28- 
inch billet mill in the far 
left background. (Cour- 
tesy, United Engineer- 
ing and Foundry Com- 
pany.) 
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Fig. 25—9. Ingot buggy (pot car) transferring an ingot, heated in the soaking pits in the background, to the ingot re 
ceiving table of the 45-inch universal slabbing mill in Homestead District Works. 
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Fio. 25—10. Ingot buggy discharges hot ingot onto ingot receiving table (left) of the 45-inch universal slabbing mill 
In Homestead District Works. Ihe receiving table of this mill is equipped with both an ingot turner and scale, as 
shown. 
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Fig. 25—11. The down-and-up-cut shear of the 45~inch universal slabbing mill in the Homestead District Works. 


intermediate stand (Figure 25—7) where it can be sup- entering bloom and the product bloom sizes to control 
plied with bloomed-down ingots (ingots which have the production rate of the preceding and following mills, 
received a few heavy reduction passes) , or large blooms, It finds a use as an ingot-rolling mill in those plants 
and where it can supply smaller hot blooms of one or whose standard ingot sizes are very small, on the order 

two sizes directly to a following mill. Its rather simple of 14-inch square or less in cross-section, and whose 

design permits a rolling schedule among three mills in total ingot-producing capacity is also quite modest. In 

sequence which can be balanced within reasonable these applications, the three-high mill functions more 

limits by alterations in the pass design to adjust the as a billet mill or as a roughing stand for a directly 





Fig. 25~-12. Slab piler of the 45-inch imiversal slabbing mill in the Homestead District Works, receiving slabs by roller 
table from the shear. A section of roller table is lowered in increments as each slab increases the height of the pile. 
When the pile height reaches the maximum limit for lowering the table section, the rollers are operated to move the 
pile onto a transfer car, shown in die foreground. 
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connected finishing mill The 43-lnch three-high bloom- 
ing mill at Ohio Works of United States Steel, which 
uses an ingot of medium size in a large tonnage opera- 
tion, is an exceptional use of the three-high type. 

Operating Units Comprising a Blooming Mill->To 
avoid frequent digression, the physical layout will be 
described here for rolling ingots on a two-high reversing 
mill. Essentially the same auxiliary equipment is used 
in rolling on other types of primary mills. The main 
parts of the rolling mill itself are shown diagrammati- 
cally in Figure 25—8. One modern mill is the 46-inch 
blooming mill at the Lorain Works of National Tube 
Division of United States Steel Corporation in Lorain, 
Ohio, already illustrated in Figure 25 — 3, whose layout 
is shown diagraxmnatically in Figure 25 — 30 in Section 2 
of this chapter. 

Two men are required to operate the controls of 
an electric-motor-driven two-high reversing mill, the 
roller and the manipulator, whose functions are defined 
by their titles; their pulpit, or control station, is placed 
on a bridge over one of mill tables. (The steam- 
engine-driven mill requires a third man in the pulpit, 
the engineer, to operate the engine controls.) 

Rolling — A pot car or ingot buggy (Figure 25 — 9) 
transfers a heated ingot from the soaking pits to the 
ingot receiving table, which delivers it to the mill ap- 
proach table. The receiving table, in a few mills, is 
equipped with an ingot turner so the ingot may be rolled 
butt-end first (Figure 25 — 10). This practice aids the 
shearman in cutting the proper discard from the butt 
end of the rolled piece. 

The mill approach table transports the ingot to the 
front mill table or roller table in preparation for rolling. 
It can move pieces at speeds of 200 to 400 feet per minute 
on modern mills. A few mills have a scale in the ingot 
receiving table or mill approach table for weighing the 
ingots before rolling (Figure 25—10). 

During the complete rolling cycle, the hot steel is 
transported by reversible, live rollers in the mill tables. 
These rollers are subjected to high temperatures, heavy 
loads and impact. Depending upon the size of the mill 
they serve, rollers range in size from 12 to 21 inches 
in diameter, of whatever length is required for the par- 
ticular service, and are spaced 2 to 3 feet apart. Forged 
steel generally is used in making the rollers which, in 
new mills, are mounted in roller bearings having a 
circulating lubricating system. Rollers on modem tables 
usually are driven electrically through a line shaft by 
miter gears; in some cases, they may be driven sepa- 
rately. As the pieces move along the tables, or are 
turned over by the manipulating equipment between 
passes, any loose scale falls between the rolls into a 
trough or depression beneath the tables and is removed 
to a settling pit with the aid of a stream of water. 

Front and back roller tables alternately feed and re- 
ceive the piece during each pass through the rolling 
mill, and mechanical units called manipulators rotate 
the piece through 90 degrees as required and move it 
from pass to pass. Some of the precautions to be ob- 
served in rolling are discussed later in this chapter. 

Shear approach tables carry the rolled product from 
the back roller table of the mill to the shear. These 
tables have side guards that line the piece at right angles 
to the shear so that square cuts can be made. Some mills 
have a hot -scarfing machine in the mill delivery table 
or in the shear approach table for **skinning’* the surface 
of the hot piece to remove, in part, some of the surface 
defects. 

Shearing— The shear, generally called the crop shear, 
usually is located 100 to 200 feet from the rolls, and in 
line with the mill. Live rollers transport the rolled pieces 


between the mill and the shear. Primary function of the 
crop shear is to remove from the rolled piece sufficient 
of the back and front ends (corresponding to the top 
and bottom of the ingot, or vice versa), so that the 
sheared piece remaining will meet chemical and metal- 
lurgical specifications. Secondary functions are to cut 
the remaining piece into desired semi-finished lengths 
and to shear test pieces. 

Shears may be operated with electric or hydraulic 
power. A typical modem slab shear has an 80-inch wide 
knife, and a cutting-pressure capacity of 1200 tons; it 
can make straight cuts up to 8 inches thick and 60 inches 
wide, at a rate of 10 cuts per minute. It is driven by two 
350-horsepower air-cooled motors. The top knife comes 
down to act as a gag and hold the piece while the bottom 
knife moves upward to make the cut. This principle of 
operation has caused this type of shear to be designated 
as a down-and -up-cut shear. The down-and-up-cut 
shear of a slab mill is shown in Figure 25 — 11. 

The after shear tables which receive the cut product 
are designed according to the type of shear. Modem 
down-cut shears have a table that can move vertically 
to compensate for the action of the material during 
shearing. Either kind of shear (down-and-up-cut or 
down-cut) may have a shuttle motion for the after- 
shear table, which permits it to move back so the scrap 
may drop onto a conveyor beneath the shear. A crop 
pusher on the front side of the shear facilitates pushing 
the last crop end from the shear. Most after-shear tables 
have adjustable guards for lining up the last piece to 
insure a straight cut. 

The shear gage measures the length of pieces to be 
cut. It is operated by a motor-driven screw. The gage 
head stops the bloom or slab at the desired point be- 
tween the shear knives. 

Sheared -off discards are moved by the crop conveyor 
to transportation facilities for return to the steelmaking 
departments where they are charged into the furnaces 
as scrap. 

Located adjacent to and operating with the after shear 
tables are mechanical stamping devices or platforms for 
hand stampers to mark pieces for exact identification. 
A scale also usually is provided for weighing sheared 
pieces. 

Transfers move sheared product from point to point, 
and may be of the continuous chain type with pusher 
dogs that engage and move the pieces over skid bars, 
or of the reciprocating-beam type which moves pieces 
progressively from one set of supports to another. Trans- 
fer buggies or cars also are used to move finished prod- 
ucts from the runout table onto the pilers or transfer. 
Mechanical pilers separate the product into desired 
classifications as to weight, size of piece and type of 
cut, or other characteristics. Where the type of product 
permits, the sheared pieces may be moved by roller 
table from the shear to a piler of the type shown in 
Figure 25—12, from which the piles may be removed 
by a “C” hook on an overhead crane, or moved by 
rollers onto a transfer car. 

COMBINATIONS OF CONVENTIONAL-TYPE 
MILLS FOR SPECIAL PURPOSES 

Two Two-High Reversing Mills in Tandem— The most 
recent installation for the production of a wide range 
of sizes of square and roimd billets and narrow slabs 
at a high production rate is the No. 4 Blooming, Bar and 
Billet Mill at Lorain Works of National Tube Division 
of United States Steel Corporation. The 46-inch and 
38-inch reversing mills forming part of this installation 
are described here and illustrated in Figures 25-^ and 
25—13, respectively; the continuous billet mills com- 
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Fig. 25 — 13. The 38-inch two-high reversing blooming mill forming part of the rolling facilities in the No. 4 Blooming, 
Bar and Billet Mill in the Lorain Works. Operating in conjunction with the 46-inch mill shown in Figure 25—3, this 
mill has the position in ^e production line shown diagrammatically in Figure 25—30. 


prising the remainder of the rolling equipment are de- 
scribed in the second section of this chapter. Layout of 
the combined facilities is shown diagrammatically in 
Figure 25—30, also in Section 2. 

The layout is designed for extreme flexibility, inas- 
much as the mill must roll many sizes of blooms, billets, 
rounds, and skelp slabs with a minimum number of roll 
changes, and adequate transfer equipment provides sev- 
eral outlets for these products. A battery of 24 modem 
soaking pits, each of which can accommodate, at one 
time, ten 32^ by 32% by 94-inch ingots weighing 22,890 
lb. each, constitutes the heating facilities. Ingots from 
the soaking pits are conveyed to the blooming-mill re- 
ceiving table by either one of two ingot buggies. A scale 
for weighing ingots and a turntable for turning them 
180 degrees have been provided at the receiving table. 

The 46-inch by 100-inch two-high reversing blooming 
mill is equipped with front and back tables, individually 
driven feed rollers, double-rack-type manipulators with 
tilting fingers on both sides, and hydraulic roll changing 
rig. Mill rolls are equipped with oil-film bearings which 
are believed to have been the first application of this 
type of bearing on any blooming mill. The top roll is 
hydraulically counterbalanced and is positioned by a 
two-motor screw-down equipped with roller bearings 
and both mechanical and Selsyn-type roll-opening in- 
dicators. Two 15-inch ^ameter, 2-inA pitch screws pro- 
vide a maximum roll lift of 45 inches at the rate of 230 


to 460 inches per minute. Mill rolls are driven directly 
through universal spindles and couplings by two 4000- 
horsepower, 40/80 r.p.m., reversing, direct-current mo- 
tors. Collar diameter of the rolls is 46 inches, with a 
100-inch body length. The roll body contains 34-inch, 
20-inch, 15-inch, and 8-inch passes, 3% inches deep. 
This roll design avoids the common practice of working 
an ingot too much in an open bullhead pass, which has 
a tendency to sharpen comers. By confining the majority 
of reductions in grooves with large radii, blooms are 
comparatively free from comer cracks and seams. 

This mill rolls the 32% by 32%-inch ingot to a 15-inch 
by 15-inch bloom in 17 passes. This size of bloom is the 
primary section delivered by the mill runout table to 
the shear, which is situated in line with the mill and 
145 feet distant from it. 

Shearing equipment consists of an approach table, a 
down-and-up-cut motor-driven shear of the start-and- 
stop type, shear-crop chute, gage, crop-end pusher and 
crop car, delivery table, bloom pusher, and transfer car 
and track. 

After cropping, the 15-inch bloom is delivered to the 
38-inch by 96- inch reversing mill (called locally a bar 
mill) situated in line and 206 feet &om the shear. This 
is utilized as a secondary mill to further reduce the 15- 
inch bloom to 9-inch by 8-inch rectangular blooms or to 
various large tube rounds. 

While normal operating practice calls for the 15-inch 
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bloom from the 46-inch mill to pass to the 38-inch mill 
for further reduction, the 46-inch mill is required at 
various intervals to roll smaller sizes down to 9-inch by 
8-inch. These may be rolled, cropped, sheared to re- 
quired length, and removed by transfer car to the bloom 
yard. These operations may continue while a 15-inch 
bloom is being rolled on the 38-inch mill to a 9-inch 
by 8-inch rectangular bloom or a large round, the 15- 
inch bloom having been received from the 46-inch mill. 
Or, in the event of a breakdown or roll change on the 
38-inch mill (which normally supplies the six-stand 
continuous billet mill to be described in Section 2 of 
this chapter) , the 9-inch by 8-inch bloom may be rolled 
on the 46-inch mill, cropped and sheared to required 
length, then transferred to an auxiliary roller table in 
line with the continuous mills, thus by-passing the 
38-mch mill entirely (see Figure 25—30 of Section 2). 

The 38-inch by 96-inch two-high reversing mill i.s 
similar in construction to the 46-inch mill, containing 
all its features with the following exceptions: 

The mill is driven by one 5000-horscpower, 65/130 
r.pjn., reversing, direct-current motor, through a 38- 
inch pinion stand. 

Feed rollers were eliminated, these not being neces- 
sary due to the longer bloom lengths received from the 
46-inch mill. 

A double-carriage roll-changing rig, hydraulically 
operated, facilitates rapid roll changes. 

Integral guide imits, equipped with hydraulically 
operated releasing clamps and end -screw adjustment 
through the roll housings, are on both sides of the mill 
for each set of rolls, facilitating guide changing. 

To obtain maximum rolling efficiency, the 38-inch 
mill rolls are at all times provided wi^ a 9-inch by 
8-inch pass to feed the six-stand continuous mill, along 
with necessary grooves for producing a specified large 
tube round. The mill thus alternates from bloom to 
round, or vice versa, according to production require- 
ments. A typical provision of rolls for the 38-inch mill 
comprises four sets of 40-inch by 96-inch rolls, each 
to produce one of four order sizes of 81%2-inch, 10i%4- 
inch, lOi^o-inch, and 12^%4-inch rounds, each set hav- 
ing the necessary grooves to roll the 15-inch square 
bloom from the 46-inch mill to either the before- 
mentioned rounds or 9- inch by 8-inch rectangular sec- 
tions. 

The foregoing example of operating requirements, 
and consideration of possible future sizes this mill may 
be called upon to roll, shows why it was necessary to 
provide rapid devices to minimize roll-changing time. 
All reductions take place in a specific groove, using the 
screwdown with Selsyn roll-opening indicator for ob- 
taining the proper drafts in each groove. A predeter- 



Fiq. 25—14. Schematic arrangement of blooming mills in 
tandem, supplying blooms to the Gary Rail Mill. 
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Pig. 25—15. Blooming-mill section of the Gary Billet Mill, the world’s largest producer of billets, narrow slabs, and small blooms. This illustration is schematic only. 
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Fig. 25^16. (Left) Ar- 
rangement of roll passes 
in the four 40-inch 
stands and (right) ar- 
rangement of passes in 
the five 32-inch stands of 
the Gary Billet Mill, in a 
typical set-up for pro- 
ducing a variety of 
shapes from a single 
ingot size. 


NOTE' . 

SLABb 4| , 5" AND 6^ THICK X 9^ TO I2f WIDE 
ARE MADE BY CHANGING NO 4 AND NO. 5 STANDS 


mined setting was established for the single pass through 
the finishing round groove. 

Each set of rolls contains 15-inch, 12-inch, and 9-inch 
passes, plus an octagon leader pass and a round finish- 
ing pass, with sufficient collar widths to obtain guide- 
setting efficiency. 

All large rounds are rolled direct in a straight flow 
line, thus: from ingot through the 46-inch mill, through 
the 38-inch mill, to saws for cropping and cutting to 
required lengths, and continuing on to shifting tables. 

The shifting tables are equipped with kickout devices 
for delivering each individual cut to chain-conveyor 
cooling beds. Upon terminating their travel over the 
beds, the rotmds are removed by an especially designed 
escapement device to counterweighted chains, which 
slowly lower them in groups to the cradles from which 
they are taken by overhead crane to storage bays for 
conditioning. 

M previously mentioned, the 38-inch mill must also 
deliver 9-inch by 8-inch blooms to the six-stand mill 
for direct rolling to billets, smaller roimds and skelp 
slabs. These blooms are rolled from the 15-inch by 15- 
inch size in 9 passes and conveyed by roller line directly 
from tbe 38-inch mill, passing through a continuous 


oxy- acetylene hot-scarfing machine situated 150 feet 
away, then continuing on to the transfer table. Blooms 
are transferred to the roller line directly preceding the 
six-stand mill, where they are cropped and divided by 
a saw. 

If tlie 9-inch by 8-inch bloom is delivered from the 
46-inch mill, it must by-pass the 38-inch mill. There- 
fore, the hot-scarfing machine is mounted on rails for 
convenience in shifting it to a position suitable for either 
type of operation. Following scarfing, cropping and 
ffividing operations, the 9-inch by 8-inch bloom enters 
the six-stand mill. 

Tandem and Three-High Mill in Tandem-Figure 
25 — 14 shows the arrangement of blooming mills in 
tandem supplying blooms to the Gary rail mill. The 
installation comprises four 40-inch, non-reversing, two- 
high roll stands, in each of which the ingot receives a 
single pass, and a three-high mill in which five passes 
are given, the ingot being turned 90 degrees between 
passes on the latter miU. Stands Nos. 1 and 2 are driven 
at 5 r.p.m. by a 2000-horsepower motor, and Nos. 3 and 4 
by another 2000-horsepower motor. A OOOO-horsepower 
motor drives the three-hi|^ mill This arrangement 
provides for reduction of a 23^-inch by 23Vi-inch ingot 
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to an approximately 8-inch by 8-inch bloom whidi, after 
cropping and cutting to lengths, is rolled directly, with- 
out reheating, on the rail mill. 

Four-Stand and Five-Stand Tandem Mills in Tandem 
— ^The Gary billet mill is the largest tonnage producer 
of billets, narrow slabs, and small blooms. The blooming- 
mill section of this mill is described here to illustrate 
the extreme case of utilization of tandem mills. 

The blooming mill, shown in Figure 25 — 15, consists 
of four 40-inch, two-hi^, non-reversing stands, fol- 
lowed in line by five similar 32-inch stands. The first 
two 40-inch stands are driven by one motor, with the 
third and fourth stands being driven by a single second 
motor. All five of the 32-inch stands are driven by a 
single motor through a line shaft and miter gears. The 
increasing distance between successive 32-inch stands 
allows for increase in length of the piece being rolled 
as it is reduced in each pass. No screw -down mechanism 
is required on these stands, because all of the passes are 
fixed. The miU is restricted to practically one ingot size, 
but can be set up to produce a variety of shapes, as 
indicated in Figure 25-~16. Manipulation is effected by 
the proper design and application of table rollers, collars, 
and side guards. 

DESIGN OF BLOOMING-SLABBING MILL 
ROLL STANDS 

The design of primary rolling mills is based on the 
work to be done, the size of material to be handled, and 
the length, weight, and shape of the sections to be 
produced. It is necessary in all cases to have all parts 
of the roll stand designed to survive the severe service 
conditions imposed by the inherent nature of the opera- 
tions performed. 

Foundations for primary mill stands are proportioned 
to the size and weight of the mill, and are built to with- 
stand any tendency to settle or distort. On modem 
units, foxmdations are anchored to bedrock by piling to 
increase their ability to withstand the shocks and blows 
common to primary rolling operations. In coimter- 
weight-balanced mills, such as that shown in the dia- 
gram represented by Figure 25 — 8, foundation design is 
complicated by the space needed for this mechanism. 
Design of foundations for two-high continuous mills is 
simplified by the type of housing and roll arrangement 
used. Three-high mill foundations must provide room 
under and adjacent to the mill for the mechanisms of 
lifting and manipulating devices that lift and turn pieces 
between passes. 

Foundation design also must provide for the draining 
of water, oil, and greases to low spots, or sumps, from 
which they can be removed by pump or siphon if nat- 
ural drainage cannot be provided. Passageways giving 
access to the equipment beneath the mill, sluice ways 
for handling scale that drops off pieces diuing rolling, 
and electric-cable tunnels iHao must be provided in the 
foundations of a modem mill. 

Stand Design — ^The essential parts of rolling mills 
were discussed in Chapter 22, and need not be discussed 
again here for the particular case of the primary mills. 
The point should be made, however, that ^e component 
parts and auxiliary equipment for primary mills are ex- 
tremely rugged and of very large size as compared to 
most other mills. Mention might be made of the fact 
that, in primary mills, two-high tandem and three-high 
mills generally are constructed with open-top housings, 
while two-high reversing mills, high-lift reversing mifU, 
and universal milLi are built with closed-top housings. 

Front and back feed or housing rollers are required 
to move the ingot or piece between the mill tables and 
the horizontal rolls of the mill, because housingi of two- 


high reversing, high-lift two-hi^ reversing, and uni- 
versal mills are so bulky in design and the tables for 
these mills are laid out in such a way that there is an 
open space between the last roller of Ihe mill tables and 
the horizontal rolls of the mills. (Post and table con- 
struction of two-high continuous and three-high mills 
make it possible in these cases only for these rollers to 
be eliminated from their design.) These feed rollers 
have separate electric motor drives in modem mills. 
They must be designed with heavy bodies and necks to 
withstand pressure and impact, and should have care- 
fully designed, well lubricated bearings that are pro- 
tected from scale and water. 

In imiversal-type primary mills, one of the feed rollers 
must be omitted between the vertical rolls, since these 
rolls must move in and out with respect to the center 
of the table. This one roller is replaced by a short 
dummy roller. If a piece ‘^stalls*’ on this dead roller, the 
vertical rolls must be run in to contact the piece to 
move it onto the live table rollers on either side of the 
vertical rolls. 

ROLL DESIGN AND ROLLING PROCEDURES 

Roll Design — Roll sizes for blooming-slabbing opera- 
tions are determined by the type and size of mill and 
the product being rolled. In most two-high reversing 
mills, roll diameters are usually 2 to 5 inches less than 
the size of the mill (based on the pinion drive). Rolls 
for a two-high tandem mill usually are short and heavy, 
since usually only one pass is made in each roll stand 
and diamond passes predominate. 

In most three-high mills, the train-line diameters of 


-U — U— U-U-il 


A - standard blooming mill rolls 



B - blooming and billet mill rolls 




Fio. 25—17. Schematic representations of rolls for various 
types of blooming mills. In Sketches A, B, C and F, only 
part of each roll is shown to indicate the shapes of the 
pass openings. Sketches D and E diow dievaUons of en- 
tire roll bodies. 
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TAPERS OF TOP ROLL PASSES - 7* 

TAPERS OF BOTTOM AND MIDDLE ROLL PASSES - 5* 


Fig. 25— 18. Schematic representation of rolls for a three-high, single-purpose 
null. Only part of each of the top and bottom rolls are shown, sufhcient to in- 
dicate the shape and size of the pass openings. The diameters of the rolls in the 
various passes, however, are given, to fix the size of the top and bottom rolls. 


the rolls are all different, the bottom roll being the larg- 
est, with the middle roll next in size and the top roll the 
smallest in diameter. These rolls are all of the same 
length body and neck. 

Effect of Pass Design on Rolling Procedures — Draw- 
ings of rolls for various types of blooming mills are 
shown in Figures 25—17 and 25—18. Figure 25— 17A 
shows rolls designed to produce a great number of sizes; 
this is typical of general practice. Since a large number 
of sizes must be produced on one sot of rolls, it might 
be supposed that it would be well to roll on flat rolls 
without grooves. However, such procedure would pro- 
duce blooms that were far from square. Grooves are 
provided, therefore, to produce the most popular sizes. 

It is best practice to get the ingot into a box (grooved) 
pass as soon as possible in rolling, since any great 
amount of reduction of a piece without protection on 
the sides would cause the steel to crack. The spreading 
of the metal in these grooves causes wear of the rolls. 
Therefore, the sides of the grooves are tapered so that, 
with the dressing of the rolls, the pass may be made to 
approach its original width. Tlie taper is made as great 
as possible for this pxupose. However, if too much taper 
is allowed, the piece being rolled will have a tendency 
to turn down as it emerges from between the rolls. 
Tapers up to 15 degrees per side have been used effec- 
tively. 

Figure 25 — ^17B illustrates rolls designed for a more 
specific purpose, while allowing a certain degree of 
flexibility. The largest proportion of product made on 
this set of rolls consists of 4-inch by 4-inch square bil- 
lets. To use these rolls, it is necessary to provide grooved 
table rollers for the diamond passes. This also restricts 
manipulation and, consequently, full use of the roll 
body. 

Rolls for a three-high, single-purpose mill are shown 
in Figure 25 — 18. In this case, the ingot size, bloom size, 
and number of passes is fixed. On this type of mill, 
much heavier reductions are given in the early passes 
than would be used in general practice on the two-high 
mill using the rolls of Figure 25— 17A. With the rolls of 
Figure 25—18, edging occurs after each two passes. Since 
the ingot is protected on all comers and spreading is 
somewhat suppressed, and edging is done so frequently, 
it is possible to roll with the heavy reductions required 


to produce a bloom from an ingot in so few passes. 

Figure 25 — 17F illustrates the pass arrangement for 
the production of shaped blooms called beam blanks. 
This type of roll, like the blooming-mill rolls of Figure 
25 — 17A, usually lacks the necessary space for the most 
desirable arrangement of passes. Considerations in- 
volved in the design of rolls for beam blanks include: 
(1) reduction of the ingot to a smaller rectangle or 
square; (2) provision for an edging pass to aid in the 
reduction of an ingot; and (3) web and flange propor- 
tioning in the beaim-blank pass. Available roll length 
usually limits the design to one pass for each of these 
three steps in the rolling operation. For the smaller sizes 
of blanks, it is possible to include a second shape pass 
in the rolls. Shape blanks to be rolled on universal mills 
producing beams are made in this type of rolls. For the 
larger beam sizes, a beam-shaped ingot is used. This 
permits a more uniform reduction that results in a better 
flange build-up in rolling. 

Figures 25 — 17C, D, and E show three sets of high-lift 
blooming- mill rolls. While the method of employing 
vertical and horizontal rolls is fastest for producing 
slabs, use of the horizontal rolls for edging, as in Figures 
25 — 17 C and D, is advantageous from the standpoint of 
surface of the semi-finished product of the mill. The 
edging pass, using horizontal rolls with the piece resting 
on its narrow edge, cracks the scale from the wide faces 
of the slab (which are in the vertical position) per- 
mitting the scale to fall off the piece and between the 
table rollers into the sluice-way beneath the mill. With 
the flat-rolling method using both vertical and hori- 
zontal rolls, the piece is not turned and some means 
must be employed to blow off the cracked scale; various 
ways are used, which will be discussed later. 

Convexity of Passes— The convex shape (belly) of 
some passes will be noted in the illustrations; this con- 
vexity serves a double ptirpose. One is to prevent the 
formation of fins. If a straight- sided piece is edged in a 
succeeding pass, spreading causes the metal to squeeze 
out between the collars of the roll, as shown by the 
dotted lines in Figure 25— 19A. Convexity of the passes 
produces a shape with concave sides, allowing con- 
siderably more spread in succeeding passes before a fin 
can occur. Fins, when a piece is turned 90 degrees then 
rolled in a succeeding pass, are rolled over and produce 
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Fig. 25 — 19. (Left) Schematic representation of the effect of con- 
cavity of ingot sides in preventing the formation of fins. The large 
round-corncred shape is that of the piece entering the pass; the 
smaller shape represents tlie cross-section of the piece in the pass, 
with dotted lines indicating fins formed in the openings between 
the rolls if the ingot is straight-sided or has insufficient concavity. 
The dot-dash lines indicate extreme concavity which, as indicated 
at right, also will cause laps during rolling. 


what is known as a lap, and no amount of further roll- 
ing can eliminate this defect. It is impossible for fins to 
roll back into the parent metal because an oxide forms 
on them which prevents clean metal-to-mctal contact 
between the fin and the parent metal that would be es- 
sential to welding the two integrally together. Laps (or 
seams) also may result if the sides of a piece are ex- 
cessively concave (Figure 2S— 19) . Laps must be chipped 
or scarfed out before the bloom or billet can be rolled 
on finishing mills for further conversion. 

The permissible amount of convexity is dependent 
upon the draft. It might seem that the convexity should 
be made very great to eliminate all possibility of fin for- 
mation. However, if the convexity is made too great, as 
illustrated by the dot-dash linos of Figure 25— 19 A, the 
reduction, in penetrating to the center, will not be able 
to push out the metal in the center and folding will oc- 
cur that ultimately will form laps, as indicated in 
Figure 25— 19B. 

It will be seen from Figure 25— 17F, showing the 
beam-blank roll set, that the box passes have a deep 
convexity; this is desirable in this case because of the 
shaping effect which is helpful in producing the shaped 
bloom. 

The second purpose of convexity is to provide a con- 
venient place for the ragging which is put on rolls for 
primary mills to increase their “bite.” 

Depth of Passes — The depth of any pass other than the 
bullhead pass in blooming-mill rolls is governed by two 
factors: (1) the maximum draft to be taken on any piece 
rolled in that pass, and (2) the minimum thickness 
to be produced in that pass. The relationship between 
the depth of any pass and the bullhead or barrel- 
pass diameter must be such that the bottom of the bull- 
head pass is not elevated too high above the table rollers. 
If the bottom of the bullhead or barrel pass is too high 
above the table rollers, there would be excessive impact 
from the piece each time it passed through the mill and 
was discharged onto the rollers. Passes should be made 
as deep as possible, consistent with these considerations, 
however, because deep coverage of the bloom helps to 
guide the piece and also aids in preventing the forma- 
tion of fins. 

High-lift reversing mills require rolls of extraordinary 
length; most mills of this type have rolls 100 to 120 
inches in body length. This is necessary to provide suf- 
ficient width for the grooved edging passes, along with 
a barrel or bullhead pass at least 6 Inches in excess of 
the m axi m um width of slab to be rolled. Mills of thi^ 


type may operate in conjunction with a separate vertical 
roll stand having relatively short, heavy rolls, located 
at the end of the mill runout table, to give a square edge 
to the finislied product. 

Universal-mill roll sizes are dependent directly upon 
the width of material to be rolled, along with the desired 
product size. In a typical mill, the bodies of the hori- 
zontal rolls are 45 inches in diameter and 80 inches in 
length. 

Ragging, or grooves cut into blooming-mill rolls to 
prevent slippage when using heavy drafts, should be 
shallow and parallel to the axis of the rolls. Otherwise, 
it may prove injurious to the surface of the semi- 
finished steel by causing slivers and laps. Sometimes, 
ragging will be designed to protrude from the roll, in- 
stead of consisting of grooves cut into it. In general, the 
less ragging the better. 

Bearings — Roll-neck bearings of primary mills are, 
for the most part, babbitted with brass-grid inserts, al- 
though many mills are equipped with composition bear- 
ings of the laminated-fabric phenolic types. At least one 
mill uses roller bearings, which represent the latest de- 
velopment. Automatic lubrication of the babbitted bear- 
ings adds considerably to their service life, as compared 
to bearings hand-packed with lubricant. Water is used 
to lubricate the composition bearings, and care must be 
exercised to prevent grit from being carried into the 
bearing with the water. 

Roll -Opening Indicators — On mills where the distance 
between the rolls is varied at the will of the operator to 
suit the particular rolling operation, some means must 
be provided for indicating visually the position of (i.e., 
the distance or opening between) the rolls. The conven- 
tional type of indicator is a large, calibrated dial with 
clock-like hands. The shaft that drives the hands is con- 
nected mechanically by rods, gears and cables to some 
rotating part or shaft on the screw-down mechanism, 
so that the position of the hands on the dial changes in 
unison with the movement of the rolls. The dial usually 
is mounted at the top of the mill, where it can be seen 
from the pulpit. 

More recently, an electrically-operated indicator has 
been used which utilizes two small, specially-wound 
(Selsyn) motors. One is connected mechanically to the 
high-speed shaft of the screw-down and acts as a gen- 
erator. The current generated by th*s motor (called the 
transmitter) is conveyed by wires to the second motor 
(the receiver) and causes it to rotate in unigon with the 
transmitter. The receiver is connected mechanically to 
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the shaft driving the hands of an indicator dial which is 
located in the operators’ pulpit. 

Roll-Changing Devices— Rolls in open-top housings 
are changed by removing the housing cap and picking 
out the rolls separately or collectively with crane hooks. 

With closed-top housings, roll changing is effected 
through a window of the housing by a counterweighted 
porter bar, by a sleeve using the ingoing roll as a coun- 
terweight, or by a “C” hook. Any of these methods re- 
quires the use of an overhead crane to remove the rolls 
one at a time. The rolls are pulled out of the housing 
by attaching a socket fitted over the protruding roll 
necks. 

In modem mills, a roll -changing rig removes worn 
rolls and installs new ones. It is set in a permanent 
mounting, level with the housing sill, and consists of 
a motor-operated crosshead mounted on a rail frame 
and driven by a rack and pinion. It withdraws both top 
and bottom rolls, with their respective bearings, one at 
a time. The old set-up then is removed from the rig, on 
which the new set-up is placed and positioned in the 
mill housings. 

Cooling Water— During operation of a blooming or 
slabbing miU, a liberal supply of cooling water should 
be distributed carefully and uniformly over the rolls. 
If possible, the rolls always should be warm, never 
chilled, since the sudden contact of the surface of a hot 
ingot with a cold roll will cause too rapid a differential 
expansion of the roll surface, and cracks called fire 
cracks may develop. Water should be turned off when 
the mill is not rolling. If water is kept flowing when the 
mill is not rolling, the rolls should be kept turning to 
avoid uneven cooling which is one of the most common 
sources of cracks in rolls. Rolling without water at first 
and then putting water on the heated rolls is also a 
cause of cracking. 

In some mills, great care is taken to warm up rolls 


before they are used in primary rolling operatiozis. In 
one plant, the rolls are warmed by steam coils in a 
special pit before use. This practice minimizes fire 
cracking and roll breakage. 

Manipulators — ^The rate of rolling steel in the bloom- 
ing or slabbing mill depends upon the auxiliary equip- 
ment to a marked degree, as well as on the speed of the 
rolls. The importance of the auxiliaries is demonstrated 
by consideration of the fact that, in normal good rolling 
practice, a piece being rolled is in actual contact with 
the rolls only 25 to 40 per cent of the total rolling time. 
The remaining time is consumed in handling or ma- 
nipulating the piece, emphasizing the importance of 
rugged, efficient equipment for performing this work. 
Transfer of the work from one point to another and 
away from the mill stand and between the different 
work stations is performed by the various live-roller 
arrangements discussed earlier. 

Turning of the piece between passes, moving it side- 
ways on the roller tables from one pass to another and, 
when necessary, straightening it, is the function of the 
manipulators. Usually, they are built to have both hori- 
zontal and vertical motion and, in most mills, are 
operated by electric or hydraulic power. 

Location of blooming-mill and slabbing-mill manipu- 
lators depends upon the type of mill. In most three-high 
mills, the manipulators are located tmder the table, on 
the entering side of the rolls, the fingers coming up be- 
tween the rollers to engage the piece as the table is 
lowered. The principle of operation is shown in Figure 
2S— 22, as applied to a three-high billet mill. In other 
mills, they are located on side guards, stroking laterally 
over the tables on one or both sides of the mill. These 
side guards are equipped with retractable manipulator 
fingers or arms, which have a vertical or near vertical 
stroke and serve to lift the piece by a comer in the 
process of turning it 90 degrees. 


SECTION 2 

PRODUCTION OF BILLETS 


Development of the Billet Mill — It already has been 
described how, as the technique of pouring larger and 
larger ingots progressed, it became necessary to adopt 
the use of blooming mills to roll blooms of sizes which 
could be handled by separate finishing mills, either di- 
rectly, or after reheating. A further step in the trend 
became necessaiy as ingot sizes increased still further, 
in that many reversing blooming mills are capable of 
producing satisfactory billets in sizes down to 4 inches 
by 4 inches, but this size is still too large for rolling a 
great part of the products rolled in finishing mills. About 
half the steel now produced is rolled into material of 
small section, and to finish these products with one 
heating, mills rolling these sections start with small 
billets. Hence, an intermediate mill between the 
blooming and finishing mills is required for rolling 
billets. 

Blooms from 6 inches by 6 inches to 10 inches by 10 
inches usually are taken to the billet mill from the 
blooming mill directly without reheating. The ends of 
the bloom are cropped, and it is often necessary to cut 
the remainder of the bloom into two or more pieces, as 
win be explained later. Hot scarfing also may be per- 
formed at this time. These operations must be per- 
formed rapidly to retain as much heat as possible in the 
bloom to keep its temperature high enough for good 
rolling in the billet mill. In this connection, billet mills 
capable of handling large blooms not only save time on 


the blooming miU, but also receive hotter steel, because 
the smaller surface area per unit of weight exposed by 
pieces of heavy cross-section lessens heat losses. 

Although most billets are rolled directly from blooms 
without reheating, there are some plants that provide 
reheating furnaces between the blooming and billet 
mills (Figure 25 — ^24). The older blooming and billet 
mills generally did not provide for reheating since the 
grades of steel then produced could be roUed through 
a greater temperature range without harmful effects. 
Since the more critical grades of steel, with their re- 
stricted range of rolling temperatures, have become 
more widely used, some of the newer primary-mill 
installations provide reheating facilities between the 
blooming mill and the billet mill. These mills are ar- 
ranged sometimes so that the ordinary grades of steel 
can be sent direct to the billet mill without reheating. 

Since the billet section is a simple one and the re- 
quirements in the way of acctiracy as to finish and di- 
mensions of section are not exacting, the first require- 
ment of the billet mill is that it be heavy enough to 
handle fairly large blooms, and speedy enough to reduce 
the piece to the desired size before it becomes too cold. 
Most billets, however, must be straight, square, and free 
from surface defects. Billets that are twisted, bent, or 
not square, will not charge into or push thi^u^ re- 
heating furnaces properly, causing pile-ups in the fur- 
nace; this is due to the fact that billets lie on the hearth 
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Fig. 25—20. Schematic lay- 
out for a three-high bil- 
let mill, using the rolls 
shown mounted in their 
housings in Figure 25— 
21 . 


side by side, and depend, for their movement through 
the furnace, on pushing against the exposed side of the 
last billet charged to move all the billets forward 
through the heating chamber. Poor surface causes ex- 
cessive conditioning or even losses due to rejections. 

In this section of the chapter, only the rolling of billets 
will be discussed. The rolling of sheet bar and skelp will 
not be considered, for, although these are both con- 
sidered as semi-finished products, their production on 
billet mills has been abandoned almost completely in 
favor of using products of the continuous hot and cold 
strip mills as raw materials for the production of sheets, 
welded pipe, and tubes. 

TYPES OF BILLET MILLS 

Three-High Billet Mills — Billet mills may be of several 
types. One is the three -high mill with lifting or tilting 
tables. This type of mill consists of three rolls moimted 
one above the other in a single roll housing. Billets are 
rolled in one direction between the bottom and middle 
rolls, and through the middle and top rolls in the op- 




Fjo. 2&-21. The rolls (motmted in the housings) of a 
three-hii^ billet mill. Numerals in the pass openings 
indicate the sequence of passes \ised in rolling (see also 
ngure 2S-28). 


posite direction. The lifting or tilting tables move the 
billet to the two different pass levels. Mills of this type 
have fixed drafts, and only a few limited sizes of billets 
can be rolled with a given combination of rolls. To pro- 
duce various sizes of billets on this t 5 rpe of mill would 
necessitate numerous roll changes, which are costly. 

Figures 25—20 and 25—21 show the layout for a three- 
high billet mill and the rolls used in the mill. It can be 
seen that alternate passes are used in the top and bottom 
rolls while every pass is used in the middle roll. On this 
mill, four rolls comprise a set, consisting of a top, bot- 
tom, and two identical middle rolls although only three 
rolls are used at one time. When the middle roll be- 
comes worn to the extent that it must be replaced, the 
mill is changed; that is, the rolls are removed from the 
housing and the worn top roll is placed in the bottom 
position, the fourth roll or second middle is placed in 
the middle position and the worn bottom roll is placed 
in the top position. This presents a whole series of new 
passes and permits the same tonnage to be produced 
with the set of four rolls that otherwise would require 
two sets of three, or six rolls. Since the piece is rolled 
in one direction between the bottom and middle rolls 


LIFT TABLE IN 
RAISED POSITION 




LIFT TABLE IN 



Fig. 25—22. Diagram showing the action of the fingers 
of a stationary-type manipulator for advancing the piece 
from pass to pass, while simultaneously turning it 90 
degrees. The fingers remain stationary, and their action 
is performed by the motion imparted to the piece as 
the table is lowered from the raised position. The middle 
diagram represents the lift table in intermediate position. 
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and in the opposite direction between the middle and top to turn the billets 90 degrees from the first to the second 
rollSi the use of lifting or tilting tables is necessary to pass* 

transfer the piece between the bottom and top pass lines. The mechanical operation of these tables leads to hi^ 
The table on the side of the mill from which the bloom maintenance for, when the piece drops into a groove, it 
enters (the side nearer the blooming mill) is called the causes severe shock to the bearings and other parts of 

front table, while that on the opposite side of the stand the equipment, and when the tables are lowered, they 

is called the rear or back table. Manipulators must be may strike the stops with rather high speed. These severe 

used in conjunction with these tables to turn the piece service conditions make necessary considerable main* 

between passes and move it into line with the nexjt pass, tenance and repair work to maintain the tables in good 

Both tables on a three-high mill are raised and lowered operating condition. 

as a imit. The lift type table is more common and will Since the piece being rolled must be entirely out of 
be described along with only one of the many possible the rolls for the lift table to transfer it between the top 

arrangements of manipulators. and bottom passes, its length must be limited to that 

Figure 25 — 22 shows diagrammatically a three-high which the tables will accommodate. This requires cut- 

mill lift table in raised, intermediate and lowered posi- ting the blooms from the blooming mill into the correct 

tion. The front table contains twelve cast-steel rollers, lengths so that when they are elongated, due to draft in 

each of which has five collars for turning the billets, the three-high mill, they can be handled properly on 

These collars create four grooves extending from end the tables. Cutting the blooms into pieces reduces the 

to end of the table. The rollers are driven by an electric yield considerably as the ends of each piece usually are 

motor. There are side guards on the edges of the table cropped after rolling. 

and at the front end are side guards for putting the llie roll housings generally are cast steel, although 
bloom into the proper pass. The front table is equipped some mills use cast-iron housings. The middle roll is 

with a stationary manipulator for advancing the billets not adjusted, but the top and bottom rolls are adjusted 

from pass to pass which consists of fingers bolted to a toward the middle. Cast-steel guides and side guards 

pedestal on the foundation of the mill. These fingers are are held in guide cages or on rest bars which are bolted 

flat, cast-steel plates mounted vertically and with their to the receiving and delivery sides of the housings, 

tops shaped at an angle giving a 45-degree slope toward The pinions preferably are made with double helical 

the outside of the mill. The fingers do not reach above or herringbone teeth. The three-high mill ordinarily is 

the level of the roll passes when the table is elevated driven at a constant speed by a steam engine or electric 

and the billets run out on the collars of the rolls. When motor. Methods of calculating power requirements for 

the table is dropped, the billets encounter the stationary mills were discussed in Chapter 24. 

fingers and slide down into the grooves in position for The three-high billet mill shown in Figures 2S— 20 and 

the next pass. The rear table is operated tiurough the 25 — 21 rolls four sizes of billets, which are reduced fur- 

same shaft as the front table but owing to the fact that ther in size on a smaller billet mill. As noted previously, 

it not only must raise the billets from the bottom pass the blooms are turned only once on the rear table and 

line to the top pass line, but also must advance them from one to three times on the front table, depending on 

one pass toward the outside, it has to travel through the number of passes taken in the mill, 

an arc in rising to bring the billet in line with the next Figure 25 — 23 shows the shape of the piece out of 
pass. This is done by causing the table to slide toward each of these roll passes. The rolls used are cast alloy 

the next pass as it is raised, by the use of pull-over steel, 30% inches in diameter with a 76%-inch roll body, 

rods attached to pedestals on the proper side of the scale Box passes, as shown in Figure 25—21, are used gen- 

pit. When lowered, the table slides back into place again, erally on three-high mills for rolling billets. Slightly 

This table consists of twelve cast-steel rollers driven by greater reduction can be taken using a diamond and 

a motor similar to the one used on the front table, square series but, since in passes of this shape the piece 

Three heavy cast-steel side guards between the four is rolled on the diagonal, the overall height of the piece 

passes that are used on the bottom roll divide the table is greater, requiring a deeper groove in the roll than for 

into four grooves. There is a manipulator in the first box passes. Such deeper grooves weaken the roll and 

groove that consists of five forged-steel fingers. The up- increase the rolling or contact angle. Generally speak- 

ward motion of the table draws the fingers with it and ing, billets produced in box passes do not have as uni- 
causes them to turn the piece and, as stated before, the form diagonals as those rolled in diamond passes. If the 

sideward motion of the table advances the billet to the box pass is narrow enough to restrict spreading, the ac- 

next pass. This manipulator lies below the table when tion of the steel attempting to spread wears the sides 

the billet is delivered from the bottom roll and acts only of the pass and it rapidly becomes too wide. When the 



Fxo. 25—23. Cross-sections of the pieces out of each pass when billets are 
rolled on the mill ^own diagrammatically in Figum 25—20 and 25-21. 
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pass wears wide, the stock entering the pass will '"float” 
to opposite sides in the top and bottom of the pass and, 
hence, produce a diamond billet. The stock cannot be 
adjusted very easily to control this condition since the 
three-high mill is a fixed-draft mill, and any adjust- 
ment for one pass affects all passes. Another reason for 
not using too heavy reductions on the three-high billet 
mill is that the rolling or contact angle must be small 
enough to assure the entry of the piece in the roll pass. 
When several pieces are rolled at once, the failure of 
one to enter the pass causes the others to be held up 
until it enters. This delay results in loss of temperature 
by the steel, with its resultant harmful effects; it also 
reduces output, since it can affect the production of the 
blooming mill as well as any mills following the three- 
high mill. 

Billets from a three-high mill usually are cut by sta- 
tionary shears or, in the larger sizes and for special pur- 
poses, by hot saws. This t5T)e of mill usually is used 
where only a few sizes of billets are produced, or in con- 
junction with smaller billet mills that further reduce the 
billets from the three-high mill. 

Cross-Country Billet Mills — ^Another design of mill is 
the cross-country mill. This t3rpe of mill is composed of 
several stands of rolls, so arranged that the piece to be 
roUed is never in more than one stand at the same time. 
The roll stands may be placed side by side and the piece 
transferred to the various roll tables, the direction of 
rolling being reversed in each stand; they may be ar- 
ranged with two or more stands rolling in one direction, 
with the piece transferred to roll tables and then rolled 
through several other stands in the opposite direction, 
and so on. This t3^e of mill is faster than the three-high, 
but as in the three-high, the piece from the blooming 
mill must be cut into several lengths before entering 
the mill. The cross-country mill is much more flexible 
than the three-high billet mill in that, in order to roll a 
complete range of billet sizes, it not only can take the 
product of the blooming mill during a greater percent- 
age of the operating time, but also can roll various sizes 
of billets with only one complement of rolls through- 
out the mill, with only a few minutes delay necessitated 
by changing guides for the various passes. Quite fre- 
quently, production on the blooming mill is not affected 
by roll changes on the cross-country mill, except when 
they occur in the first two stands. Some cross-coimtry 
mills are so arranged that a single pass is taken in each 
stand while others arc composed of a combination of 
single-pass and multiple-pass stands. 

In contrast to the three-high mill, the finishing pass 
in the cross-coimtry mill can be faster than the first 
passes, provided separate drives or gear ratios are used. 
Since the piece being rolled is only in one stand of rolls 
at a time on a cross-country mill, tables must be pro- 
vided to carry the piece from stand to stand. Some mills 
are provided with diagonal tables to direct the piece 
from one train to another, while other mills provide 
transfers at the end of each line of stands for moving 
the piece over to the next train line. The roll passes of 
a cross-country mill can be any shape required for 
good rolling practice and quality of product. The piece 
can be turned as desired between stands by manipula- 
tors, guides, transfers, tium-up rolls, and other devices. 

Advantages of Cross-Country Mills— The production 
of any mill is governed by the speed of the finishing pass 
and the percentage of the operating time during which 
it can be kept full. In the cross-country mill, the speed 
of the finishing pass can be greater th^ in the three- 
high mill, but pieces have to be spaced far enough apart 
in going through the mill so that each table is clear of 
one piece before receiving the following one. It idiould 
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be possible to keep the finishing pass of this t 3 rpc of mill 
full for more than half the time (as opposed to the 
three-high mill) and this, together with the higher speed 
possible, enables such a mill to reach higher production 
rates than the three-high mill. 

Cross-country mills, where the piece can be turned at 
will after every pass, and particularly those mills where 
the direction of rolling is reversed after every pass, are 
admirably suited for the rolling of quality steels. 

Figure 25 — ^24 shows the layout of the cross-country 
billet mill at Republic Steel Corporation’s plant at South 
Chicago, which is part of an integrated installation de- 
signed for the production of electric-furnace alloy steels. 

A 44-inch blooming mill supplies blooms to a 36-inch 
two-high reversing roughing mill, which in turn feeds 
three 32-inch two-high stands. The major part of pro- 
duction when this chapter was written was being rolled 
from hot-topped ingots, 25 inches square, weighing 
12,000 pounds, and open-type steels from 23-inch by 
25-inch ingots weighing 11,500 pounds. The 44-inch re- 
versing mill produces blooms, for subsequent rolling 
into billets, bars, etc., in the following sizes: 7 by 7-inch, 

8 by 8-inch, 9 by 9-inch, IOV 2 by 10 V 2 -inch, 12 by 12- 
inch, and 13 by 15-inch, depending on the finished size 
of the re-rolled product. It is driven by a 7000-horse- 
power motor at 40 to 100 r.p.m. 

Delivery tables, transfers and reheating furnaces of 
the 44-inch blooming mill are so arranged that the 
blooms may be disposed of in any one of three ways. 
They may be sent without reheating directly to the 36- 
inch roughing mill and then on to the 32-inch and 21- 
inch mills; they may be kicked off on a transfer and then 
directed through one of two continuous reheating fur- 
naces from which they are discharged onto the same 
table that leads directly from the 44-mch mill to the 
36-inch mill, or they may be removed from the transfer 
table and placed in slow-cooling pits after which they 
are conditioned and shipped or are charged cold into 
the reheating furnaces and re-rolled on the billet mills. 

The 36-inch two-high reversing mill is driven by a 50 
to 120 r.p.m., 5000-horsepower motor. It is equipped with 
36-inch by 82-inch rolls, laid out to use either 5 or 7 
passes in roughing blooms down in preparation for roll- 
ing in the 32-inch mill. It is possible, however, to vary 
this practice by coordinating the work of this mill with 
that of the 44-inch mill, which is the practice usually 
followed. Manipulators and side guards on both sides 
of the 36-inch mill permit turning the blooms after 
each pass. Delivery tables and transfers are arranged 
so that, by reversing the 32-inch finishing stand (see 
Figure 25—24), squares from 5 to 9 inches and some 
narrow slabs may be finished on the 36-inch mill and 
sent to the saws, while the 32 -inch mill is undergoing 
a complete roll change, thereby permitting uninter- 
rupted production. The three 32-inch two-high stands 
are located 225 feet beyond the 36-inch two-high re- 
versing roughing mill. The three stands are placed side 
by side. The first, or so-called intermediate stand, con- 
tains 32-inch by 72-inch rolls; the second, or leader, 
stand, has 32-inch by 68-inch rolls; and the third, or 
finishing, stand has 32-inch by 48-inch rolls. The three 
stands are spaced 14 feet, 6 inches, and 21 feet, 3 inches 
apart, respectively. All stands are electrically ^ven, 
are provided with electric screw-downs, and the roll 
necks rotate in composition bearings. The first two 
stands are driven by a single 5000 -horsepower reversing 
motor, while the third stand is driven by a 25(W-hOTse- 
power motor. The intermediate stand is equipped on 
either side with an electrically operated manipulator 
carrying tilting fingers. The leader and fihishmg stands 
each have one manipulator on the entry side, Incorporat- 




7^X6^ FROM etOOMER 


I ir- 

~iJ 

Hl 

i 

!i 

Jr 


lSPA‘,St‘j INTLHMLDIATI STAND 


4“ 

“1 ri 


leader stand 


FINIbHlNG *iTAND 


L 

r 


44 X 5 ^‘ FROM BLOOMER 



3 PASSES intermediate STAND 



LEADER STAND FINISHING STAND 


Fig. 25—25. Two typical setr of passes used in the mill 
shown diagrammatically in Figure 25—24. The five passes 
shown in the top set produce S^i^-inch square billets. 
The lower set of five passes produce 3-inch square billets. 
In each pass, the dotted line shows the roll^ diape 
which is received from the preceding pass. The solid 
line shows the new shape produced, which consequently 
appears dotted in the next pass. 

ing a manually operated turning device. Blooms from 
the 36-inch mill are given one or three passes in the 
first or intermediate stand of the 32-inch mill, and otie 
each in the leader and finishing stands, depending upon 
the finished size of the billet (Figure 25—25) . The inter- 
mediate and leader stands, being coupled together with 
a common drive, are reversed together from pass to pa^. 
The finishing stand, being separately driven, operates in 
only one direction. This mill rolls billets 3 inches to 7 
inches square, and rounds 3 inches to inches in 
diameter, from blooms and billets varying in size from 
4^ inches by 5% inches to IOV 4 by 11% inches. Two 
tables, each containing a 60-inch hot saw with a 5-foot, 
6-inch stroke, parallel the run-out table from the finish- 
ing stand of the 32-inch mill. The double saw arrange- 
ment enables cutting the billets to standard mill lengths 
without slowing up the mill. 

It will be noted that a 21-inch continuous mill com- 
posed of eight horizontal stands is located beyond the 
first stand of the 32-inch cross-country mill. A 6H-inch 
bloom from the first stand of the 32-inch mill can be 
rolled into square billets ranging in size from 4 by 4 
inches to 2 by 2 inches on the 21 -inch mill. The bloom 
is cropped before entering this latter mill, and the 
finished billets are cut to length by a steam-operated 
flying shear. The eight stands of the 21-inch mill are 
driven by a single electric motor through bevel gears 
from a main drive shaft, and all roll necks rotate in 
composition bearings. The billets are twisted between 
stands by twist guides and twist rolls. These devices are 
discussed in the ensuing section dealing with continu- 
ous billet nfills. 

It has been mentioned previously that some plants are 
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Fig. 25—26. Sketches illustrating two types of friction 
driven twist rolls, as used on a continuous billet mill 
to turn pieces 90 degrees between passes. Twist rolls 
sudh as those shown in the bottom diagram are called 
“cone-type” twist rolls. 

equipped to reheat blooms between the blooming and 
billet mills. The above-described mill is so arranged, as 
shown in Figure 25 — 24. 

Continuous Billet Mill — ^The continuous mill consists 
of a series of roll stands, arranged one after the other 
so that the piece to be rolled enters the first stand and 
travels through the mill, taking but one pass in each 
stand of rolls and emerging from the last set as a finished 
product. These stands may be all horizontal, and may 
include one or more vertical edgers, or the stands may 
be alternately horizontal and vertical. In the continu- 
ous mill, where the piece is being rolled in several dif- 
ferent stands simultaneously, the peripheral roll speeds 
must be such that the elongation which occurs as a re- 
sult of reduction in cross-sectional areas of the piece 
is taken care of by increasing the speed of each succes- 
sive roll pass. On mills where all of the various stands 
are driven through gears by one motor or engine, the 



Fig. 25—27. Diagram of oblique roll passes designed to 
provide a twisting action on billets between stands when 
being rolled on a continuous mill. In each pass, the 
dotted line shows the rolled shape which is received 
from the preceding pass. The solid line shows the new 
idiape produced, which consequently appears dotted in 
the next pass. 

elongation is compensated for in the original design of 
the mill by choosing gear ratios that drive each set of 
rolls at a higher speed than the preceding set. The dia- 
gram of such a mill appears as part of Figure 25—24, 
where it is designated a 21 -inch continuous billet mill. 
Any deviation from the originally designed elongation 
must be compensated for by varying roll diameters and 
thus changing peripheral speed. The rolls usually are 
instaUed in sets and are all dressed together. However, 
excessive wear on one set of rolls requires excessive 
dressing on the remaining rolls in the train. Various 
means have been adopted to gain longer roll life. Some 
plants will carry extra rolls for those stands that receive 
the most wear, and thus save excessive dressing on the 
remainder of the train, while others change the rolls 
aroimd from stand to stand. As an example of the latter 
methods, a 2%-inch square in No. 4 stand can be 
changed to a 3-inch square without reducing roll di- 
ameter, and used on No. 2 stand. 

The use of individual drives for each stand in a con- 
tinuous mill is a great improvement over the single- 
drive type. With this drive, roll diameters need not be 
matched and the speeds of the individual motors can 
be regulated to give the correct peripheral speed for 
each set of rolls. The speed ratio on continuous mills 
must be maintained closely to prevent the piece from 
pushing or pulbng between stands. 

Since the piece being rolled in a continuous mill is 
in several stands simultaneously, the piece cannot be 
turned between passes in successive horizontal stands 
but, rather, it must be twisted. (The necessity for twist- 
ing, however, is eliminated in mills composed of alter- 
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Fig. 25—28. Schematic ar- 
rangement of the roll 
stands and twist rolls 
for an eight-stand con- 
tinuous billet mill. 
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nate horizontal and vertical stands.) Various methods 
have been devised for obtaining this twist, one of which 
incorporates the use of twist delivery guides. These 
guides are iron or steel castings, and are designed so 
that the piece is twisted gradually by the action of the 
guide which is contacted by two surfaces of the piece 
being rolled; the other surfaces have clearance in the 
guide. The twist in the guide is designed so that the 
piece being rolled is rotated to the correct degree for 
entry into the succeeding roll pass. 

Another method uses friction-driven twist rolls, 
mo\inted in housings, between the various stands of 
work rolls. Some plants use twist delivery guides that 
are designed with a slight over-twist, to start the twist- 
ing action, in conjunction with twist rolls. The twist rolls 
relieve the twisting slightly, thus reducing the pressure 
on the twist guide and minimizing guide scratches on 
the product. Two different types of twist rolls are shown 
in Figure 25 — 26. A third method accomplishes the twist 
as shown in Figure 25 — 27. With this latter method, the 
passes are cut in the rolls obliquely, and the difference 
in diameters in the pass causes the twisting action. This 
method, however, requires the use of twist guides to in- 
sure the proper twist, since temperatures and the chem- 
ical compositions of steels being rolled are not always 
constant and can cause a variation in the degree of 
twist. This method of twisting causes excessive roll-pass 
wear. 

High output is one of the chief advantages of the con- 
tinuous mill. Scrap losses arc low, due to the fact that 
blooms of any length can be rolled, making it unneces- 
sary to cut the bloom after it leaves the blooming mill, 
except to discard pipe or any other flaws that might be 
present. Flying shears arc placed after the finishing 
stand on a continuous billet mill, and are synchronized 
with the speed of the .stand on which the billet is 
finished. 


It should be stated, however, that sometimes breaks 
occur in the steel due to the twisting of the billet, and 
that when the billet is deflected from one pass line to 
another, it is more subject to scratching by the guides. 
These defects increase the amount of conditioning re- 
quired by the steel The continuous mill composed of 
alternate horizontal and vertical stands, which eliminate 
twisting and arranged so that it is never necessary to 
deflect the bar from one pass to another, produces a 
product with much better surface quality. 

Figure 25 — ^28 shows a schematic diagram for a con- 
tinuous billet mill; Figure 25 — 29, the passes used on a 
14-inch mill for rolling two different sizes of billets. 

Six-Stand Continuous Mill at Lorain Works— This 
modern mill represents one of the major developments 
in rolling operations and embodies many features un- 
common to billet mills. Its relationship to tlie other 
facilities of the mill of which it is a part is shown dia- 
grammatically in Figure 25 — 30. 

Designed to produce a wide variety of semi-finished 
products from 9-inch by 8-inch blooms, the mill is 
equipped to roll 4-inch square billets, 5%-inch by 4- 
inch, 7-inch by 4- inch, 8-inch by 4-inch, and 9-inch 
by 4-inch skelp slabs, 4%-inch and 5V^-inch tube 
rounds, on the same roll and guide set-up, with the 
ability to alternate quickly on any of the above sizes by 
push-button-operated controls. Additional skelp slabs 
up to 12 inches wide also may be rolled on the same 
set-up from 12-inch or 14-inch slabs received from 
cither the 46-inch or 38-inch mills described in Section 1 
of this chapter. 

The mill consists of three vertical roll stands num- 
bered Nos. 1, 3 and 5, and three horizontal roll stands 
numbered Nos. 2, 4 and 6, set in tandem on 10-foot cen- 
ters (Figure 25 — 31) . Each stand is powered individually 
by a 1750-horsepower, direct-current motor (300 to 600 
r.p.m.) , making a total of 10,500 horsepower for the six 
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Fic. 25—29. (Above) Six 
successive roll passes 
employed in the produc- 
tion of 2-inch square 
billets from 4-inch 
square starting material 
on a 14-inch billet mill. 
3elow) Method of roll- 
ing 1%-inch square bil- 
lets on the same mill, 
using the same starting 
material, in eight passes. 
In each numbered pass, 
the dotted line shows 
the rolled shape which 
is received from the pre- 
ceding pass. The solid 
line shows the new 
shape produced, which 
consequently appears 
dotted in the next num- 
bered pass. 
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stands combined. Stiitable gear reduction sets provide 
for a finishing speed of 346 to 692 feet per minute at 
No. 6 stand. All vertical mills are of sufficiently rugged 
construction to enable drafting equal to the horizontal 
stands. The main vertical housing containing two 30* 
inch by 48-inch rolls is a self-contained, integral unit 
and resembles a horizontal stand laid over on its side. A 
fixed outer roll held secturely by hydraulic pressure 
against the housing seat, and a movable inner roll 1^- 
draulically balanced against motor-driven screws, plus 
anti-friction roll-neck bearings and thrust imits, com- 
prises the roll-adjusting mechanism. Screw speed is 6 
inches per minute, and screw travel is sufficient to per- 
mit operating the rolls with the distance between tiieir 
centers set at any point between 35% and 27% inches. 

Power for the vertical mill rolls is transmitted from 
the main gear drive (Figure 25—32) through a hori- 
zontal shaft to an intermediate bevel-gear drive, 
through a shaft inclined at 40 degrees to a combina- 
tion bevel-gear drive and fully-enclosed 30-inch pinion 
stand. Universal couplings and spindles equipped with 
anti-friction thrust bearings, suspended and attached 
beneath the main mill housing, complete the drive. The 
main housing is enclosed within a secondary housing 
supported on the shoe plates. The secondary housing 
carries the screw-up mechanism and guiding slides for 
controlling the vertical movement of the main housing 
with respect to the horizontal-mill pass line. The motor- 
driven screw-up mechanism operates by push-button 
control at 10% inches per minute, and provides for a 
maximum vertical movement of the main housing of 36 
inches. Thus, a set of vertical rolls may contain several 
passes within this range, each of which may be aligned 
properly with the horizontal mills. The male coupling 
end, transmitting motive power from 30-inch pinions 
through universal couplings to the rolls, is forged in one 
piece with the spline shaft that telescopes with the 
pinions. This arrangement permits maintaining the drive 
connection during upward movement of the rolls. The 
three vertical mills are of similar design, having all 
parts interchangeable, including intermediate bevel- 
gear drive. Rolls with complete bearings are changed 
in pairs, using double roll-changing hooks. 

Vertical-mill roll and guide equipment is of such de- 
sign that changes are unnecessary when rolling any 
of the previously mentioned sizes. The usefiil propor- 
tion of rolling time on the mill is thus increased, since 
it is necessary to change rolls only when worn or in the 
event of possible breakage. The entry guide unit is at- 
tached to the secondary housing in a fixed, pre-leveled 
position, to accommodate the upper pass in the rolls. 
The remaining passes may be utilized by adjusting the 
screw-up mechanism upwards, thvis positioning the de- 
sired pass in front of the guide. 

Delivery guides are set up within a swinging integral 
unit, including guides for all passes in the vertical-roll 
set. Once set in position, they seldom need adjust- 
ment, fixed-roll guides remaining stationary while the 
movable-roll guides are carried along with the roll 
during adjustment. Upon changing rolls, the entry guide 
retracts clear of the rolls by a hydraiilically operated 
mechanism. Delivery guides are manually swung clear 
of the rolls. The roUing operations of the three vertical 
mills in conjimction with the three horizontal stands 
will be described subsequently. 

The three two-high horizontal roll stands (Nos. 2, 4 
and 6) resemble strip-mill stands in their construction 
features, having been designed for stability, smoothness 
of operation, accurate roll settings, and ease in roll 
changmg. Housings are of cast-steel, closed-top con- 
struction. The top roll is hydraulically counter-balanced 
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Fig. 2&-‘31. General view of the six-sland continuous billet mill in the Lorain Works of National Tube Division of 
United States Steel. 


ai^ainst motor-driven screws. The screw-down permits 
the screws to function independently or in unison. The 
bottom roll is fixed, with provision on the outward 
chuck for endwise adjustment. The top-roll outward 
chuck is fixed, while both drive-side chucks are free to 
“float” in the housing. The 28-inch diameter by 48-inch 
body length rolls are mounted on anti- friction bearings 
of the radial thrust type, all preassembled with fully- 
enclosed chucks. Rolls thus can be quickly changed by 
use of a “C” hook similar to those used in changing 
strip-mill rolls. Horizontal roll stands Nos. 2 and 4 each 
are driven independently through a double reduction- 
gear drive and a 27-inch pinion stand. No. 6 horizontal 
roll stand is driven through a single reduction -gear 
drive and 27-inch pinion stand. Universal couplings and 
spindles mounted on carriers connect the pinion stands 
with the rolls. 

A feature essential to the flexibility of operation of 
this mill is the endwise movement provided for the hori- 
zontal roll and pinion stands. To utilize all the grooves 
provided in the horizontal rolls for various product 
sizes, provision was made for rapid alignment of 
horizontal-roll grooves with respect to vertical-roll 
grooves to maintain a straight line of product travel 
throughout the desired grooves of all six stands. This 
was accomplished by mounting the roll stand, spindle- 
carrier base, and pinion stand as a unit on the bed plate. 
By using the bed as sliding ways, the entire unit can 
be moved endwise horizontally 42 inches through power 
supplied by a 14-inch diameter hydraulic cylinder oper- 
ating at 1250 pounds per square inch. To maintain the 
drive connection during such movement, the main drive 
shaft telescopes a spline-type flexible coupling at the 
pinion stand. Hydraulically operated quick-release 
clamps anchor the assembly to the bed plate, obviating 
the use of foot bolts. 

As in the case of the vertical mills, the roll and guide 
equipment of the horizontal stands was designed to roll 
all of the previously mentioned sizes without roll or 
guide changes. Entry and delivery guides are mounted 


as integral units on sliding rest bars which, in turn, are 
supported by the main rest bar attached securely to the 
roll housings. All main rest bars are adjustable verti- 
cally by jack screws mounted on the housings. Rolls 
must be changed after excessive wear occurs. To mini- 
mize roll-changing time and increase efficiency, all 
guide equipment is mounted on a retractable mechanism 
operated hydraulically, which makes it possible to move 
the guides clear of the housing window to permit rapid 
and simple removal or insertion of the roll-and-chuck 
assembly. 

To thoroughly understand the functions of all the 
foregoing features on the six-stand mill, a discussion of 
a typical roll-pass arrangement and the sequence of 
operations is advisable. These are as follows: 

Vertical roll set V-1 (Stand No. 1 ) consists of rolls 30 
inches in diameter with a 48-inch body. It is provided 
with three duplicate 8 % by 7-inch box passes, all of 
which are set up complete with the necessary guides. 
Either pass may be used at any time, the 7-inch dimen- 
sion varying with finished bar size and adjusted by 
mechanical screws on the movable roll. In the event of 
a worn-out pass, the roller may, by push-button con- 
trol, quickly raise or lower the entire main housing imit 
to the desired position so that an unworn pass can be 
utilized. A gage attached to the secondary housing post, 
and a pointer on the movable housing, indicate within 
easy view of the operator the proper level of the pass. 

Horizontal roll set H -2 (Stand No. 2 ) has rolls 28 
inches in diameter and 48 inches in body length. It has 
two duplicate passes, Vk by 6*/4 inches, plus a 13-inch 
wide bullhead pass used when rolling skelp slabs. The 
normal setting as used for 4-inch by 4-inch, as well as 
43A-inch and 5VSi-inch rounds, is 6 V 4 inches and is also 
subject to variation by use of the top roll mechanical 
screw-down. All three grooves are completely equipped 
with the necessary guides. The roller also may select 
any groove rapidly by operating the hydraulic valve 
controlling the mechanism which moves the entire 
roll-housing imit endwise. A gage on the housing shoes 
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Fig, 25 — 33, General view of the four-stand continuous billet mill in the Ix>rain Work.s' of National Tube Division of 
United States Steel. 


indicates the proper position for the horizontal groove 38-inch mill (described in Section 1 of this chapter) , each 
with respect to the vertical to assure straight line travel line having a single saw with individual cooling bed. 
of the piece being rolled through the mill. Thus, the finishing equipment for tube-round product 

Vertical set V-3 (Stand No. 3), with rolls 30 inches from tlie 38-inch mill and the six-stand mill comprises 
in diameter and 48 inches in body length, also has altogether six saws, four saw lines, and four cooling 
three 6% by 5-inch duplicate grooves, and functions in beds. All products 4 inches by 4 inches to 12 by 4 inches 
a manner similar to the V-1 set. The 5-inch setting is delivered from the six-stand mill for skelp conversion 
variable for finished product size. are transferred to a roller line that carries them to 

Horizontal sets H-4 and H-6 have rolls 28 inches in shearing facilities and inspection and storage. For fur- 
diameter with 48-inch bodies. Each has its designated ther reduction to smaller billets and tube founds, 4-inch 
passes for 4-inch by 4-inch squares, and 4%-inch and by 4-inch or AVz by 4V^-inch billets are delivered from 
5^-inch rounds, plus a skelp-slab pass, and have the six-stand mill and transferred to a roller line di- 
operating controls similar to H-2. Vertical set V-5, with rectly preceding the four-stand continuous mill, 
rolls 30 inches in diameter and 48-mch body length, The Four-Stand Continuous Mill at Lorain— This mill 
which is the leader pass, also has its designated passes. (Figures 25 — 30 and 25 — 33) is similar in design and 

Two leader passes for the 4-inch by 4-inch square, and employs all the advanced features of the six-stand mill, 

one each for the two sizes of roimds, have been provided It comprises four sets in tandem; V-1 vertical, H-2 hori- 

in sets V-5 and H-6. Vertical set V-5 utilizes the 4-inch zontal, V-3 vertical, and H-4 horizontal. Each set is 

by 4-inch passes for edging skelp slabs, with operating powered individually by 1250-horsepower, 400 to 800 

controls similar to V-1 and V-3. r.p.m., direct-current motors, with reduction gear drives 

The run-out table from the six-stand mill delivers all designed for a finishing speed of 430 to 860 feet per 

product to transfer equipment designed to handle bar minute. All mill rolls are 20 inches in diameter, with 

lengths up to 160 feet. Hounds may be delivered direct body length of 36 inches, and to meet original require- 

to either one of two saw lines, each equipped with sta- ments, were set up to produce to 3%-inch roimds 

tionary and movable saws for cropping and cutting to and 2%-inch square billets, with sufficient space avail- 

required lengths. Each of the saw lines converges to able for rolling other sizes. Billets delivered from the 

its own independent chain-conveyor cooling bed. Or, six-stand mill lie flat on the roller feed table and, prior 

product may be transferred to the double saw line to entering the No. 1 vertical (V-1) pass of the four- 

which normally handles product (roimds) from the stand mill, are turned 45 degrees on the fly, by an air- 
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Fra. 25—34. Flow chart summarizing typical series of operations possible due to the extremely flexible arrange- 
ment of the modem No. 4 Blooming, Bar and Billet Mill in the Lorain Works of National Tube Division. 






BILLET 

operated turnmg device, to permit finishing the 2i^<-inch 
square billets in diamond passes on their diagonals. 

Billets of 4V^-inch square size enter the V-1 pass on 
the flat for alternate flat and edge reduction to lead-oval 
and finished rounds. No. 4 horizontal set delivers billets 
to the flying shear for cropping and cutting to length. A 
specially designed double skew table with disappearing 
stops receives the product from the flying shear. Here 
the product is gaged, then conveyed in groups to the 
roller line opposite the cooling beds. The roller line has 
disappearing stops that position these groups opposite 
either one of the three adjacent cooling beds, over which 
the product travels to the cradles and storage bays. This 
completes the cycle of operations beginning with the 
32^-inch ingot on the 46-inch blooming mill, as de- 
scribed in Section 1 of this chapter. Figure 25—34 is a 
flow chart summarizing a typical series of operations 
possible with this modern mill. 

Hot Scarfing Machines— The increased demand for 
conditioning of semi-finished products (sec Chapter 26) 
has led to the installation of hot-scarfing machines in 
many primary mills. Such machines may be placed im- 
mediately after the bloom shears or, when multiple units 
are fed from the same blooming mill, they can be in- 
stalled after the roughing or the first billet mill. 

The scarfing head of the machine contains oxy- 
acetylene burner nozzles and is designed to be adjusted 
rapidly to accommodate several different sizes of billets. 
The head also can be moved laterally to permit the 
scarfing of blooms or billets from different passes in a 
set of rolls, or to remove it entirely from the line to 
permit the passage of steels not to be scarfed. The ma- 
chine desurfacing process can remove defects within Va 
inch of the surface, which is usually sufficient to re- 
move such defects as rolled scams, light scabs, checks, 
etc. It is not always economically advisable to cut at 
depths necessary to remove the deepest defects. Gen- 
eral practice in those mills using the process is to de- 
surface each grade of steel to the depth which strikes 
the right economic balance between loss in yield due to 
removal of metal and processing costs on one hand, and 
savings in lessened rejection loss on the other hand. This 
depth will vary with different materials, but the metal 
loss is generally 2 to 3 per cent of the product. 

Roll Adjustment — There are several different methods 
for adjusting rolls on two-high mills (in addition to the 
one described earlier for three-high mills). One is a 
simple method of using a rider bearing on the bottom 
roll neck. The top-roll carrier bearing rests on liners 
on the bottom rider bearing. A wedge is placed between 
these liners to vary the distance between the rolls. An- 
other method of adjustment consists of supporting the 
top roll by springs from the housing cap. Turning of 
the housing screw compresses the springs, and thus the 
space between the rolls is varied. Still another method of 
adjustment in which the top roll remains stationary and 
the bottom roll is moved up or down is xised in a good 
many mills. This is accomplished in the following man- 
ner: a cast-steel screw box in which the threads have 
been babbitted to prevent excessive wear is placed on 
the sill of each housing. A screw bolt is placed in each 
of these, the outside one containing a left-hand thread 
while the inside one has a right-hand thread. The two 
screws are joined together by a cast coupling. Above 
the screw bolts, and resting upon them and the screw 
boxes, cast-steel wedges are mounted containing the 
same number of babbitted threads as the screw box. 
The bottom chocks are wedge-shaped and rest on the 
screw wedge. Since the two screws are coupled to- 
gether, turning of the screw on the outside of the mill 
causes both screw wedges to move in or out and, due 
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to the wedge shape of the bottom chock, the bottom rdil 
is raised or lowered. This method of adjustment is used 
on many continuous mills. One of the newer methods 
of adjusting rolls on billet mills makes use of an electric 
screw-down. WiUi this type of adjustment, the top roll 
is supported by two hydraulic cylinders through steel- 
yard rods in each housing, reaching up to the top-roll 
carrier bearings. The top roll is held down by sertews 
reaching through the cap to the breaker blocks on the 
rider bearings. An electric motor mounted on the hous- 
ing cap actuates the two housing screws. 

Shears — ^The product from the blooming mill must be 
cropped to discard pipe before entering the billet mill 
and the finished product from the billet mill must be 
cut to length. The bloom-crop shears, however, usually 
are considered part of the blooming mill rather than the^ 
billet mill. When the primary mill set-up consists of 
several billet mills fed one from the other, and all or part 
by the same blooming mill, crop shears usually are 
placed before each unit. Crop shears assure a clean end 
entering the mill and also enable cutting of the stock to 
the right length to accommodate the various mill tables. 
These crop shears usually are stationary, and may be 
steam, hydraulically or electrically driven. 

Billets of large cross-section generally are cut by 
stationary shears. Such billets are usually short enough 
to be handled on tables and transfers, and there are 
comparatively few cuts to the finished piece. These 
shears cut one or more pieces at the same time. The 
length of cut is determined by an adjustable stop on 
the shear table and the shears usually can cut ac- 
curately to within V 4 inch of the desired length. 

Another form of shear is the gang shear in which 
several shears are placed in line in such a manner that 
any length of billet may be sheared by moving the 
position of individual shears within the limits of the 
first and last shear in line. They may be made to cut in 
unison, or separately, as desired. 

The flying shear, as opposed to the stationary shear, 
cuts the piece as it travels in a continuous operation. 
These shears are used for the smaller sizes that would 
require excessively long tables and transfers and would, 
of course, consume too much time in handling, if cut on 
stationary shears. This is obvious when it is realized 
that an 8,000-pound ingot, rolled into a 1%-inch by 
1%-inch billet, would be over 1000 feet long. By the 
use of flying shears, this piece can be cut effectively 
into shorter lengths as it leaves the finishing stand. 

Billets also may be cut to length by saws or flame 
cutters to eliminate distorted ends produced by shears. 
Sawing is usually slower and more expensive than 
shearing, and saws are more costly to maintain. 

Flame cutting, while entailing a comparatively small 
initial investment, is costly in that it is slower than 
shearing and also requires the use of relatively expen- 
sive gases. 

Identification — ^It is of primary importance that every 
billet be identified properly. Every billet should be 
stamped with its heat number, and some orders require 
that top and bottom cuts from the ingot be identified. 
The steel must be followed closely through the mill, es- 
pecially in those mills composed of several imits, to 
make certain that the correct steel is coming for which 
the stampers already have received instructions. This 
tracing of the steel can become quite complicated at 
times, and must be adhered to rigidly in order to pre- 
vent costly errors in identification. Some mills identify 
all products by the use of special hand or pneumatic 
hammers having suitable heads for containing the 
stamps. Heat numbers can be machine stamped on bil- 
lets after leaving the finishing stand by the use of a 
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wheel, suitably mounted and containing the proper 
marking devices or stamps, contacting the steel. These 
wheels can be held in a stationary housing, so arranged 
that the height above the table can be varied for different 
sized billets, or they may be moved by a manually con- 
trolled hydraulic cylinder to contact each piece as it 
passes over the table. Usually, heat numbers only are 
applied in this manner. 

After leaving the shears, billets are delivered usually 
to cooling beds, or hot beds as they are sometimes called, 
where they are cooled before shipping. In many mills, 
the above mentioned hand stamping is done on billets on 
the hot ted. The hot beds are at right angles to the di- 
rection of delivery from the mill and are wide enough 
to handle the longest billet length regularly produced on 
the mill. These beds are composed of skids placed close 
enough together to support the billet, but not too close 
to permit air to circulate around them. The skids may 
be composed of rails or of a series of specially designed 
castings. The castings give much better results than rails 


since they do not bend so readily with prolonged use. 
After cooling, the billets are pushed off the hot beds into 
cradles, from where they can be loaded easily into cars 
for shipment, or transferred to the conditioning area 
where they are handled as described in the next chap- 
ter. 



Chapter 26 

PREPARATION OF SEMI-FINISHED STEEL 

FOR FINISHING 


SECTION 1 

SURFACE DEFECTS ON SEMI-FINISHED STEEL 


Semi-finished steel is previously hot-worked cold 
steel intended exclusively to be subjected subsequently 
to further hot deformation. When steel is rolled from 
ingot to semi-finished forms, such as blooms, billets and 
slabs, a variety of ingot defects and some defects arising 
during heating and rolling may be carried through to 
appear on the surface of the semi-finished product. It 
often is necessary to remove these defects before the 
steel is converted further into finished products by 
forging, rolling or other hot forming operations. The re- 
moval of these defects, which operation is known as 
conditioning, will be the subject of the first three sections 
of this chapter; a discussion of the principles and practice 
of controlled cooling of certain grades and sizes of semi- 
finished products from rolling temperatures will be pre- 
sented in Section 4. 

Surface defects on semi-finished products may be 
caused by defects on or in the ingot or by improper 
handling after pouring or by variations in heating and 
rolling practice. 

The major surface defects which generally are attrib- 
uted to defects on the ingot are: 

1. Ingot Cracks — These defects occur as both trans- 
verse and longitudinal ruptures in the ingot wall, and 
normally are observed first while the ingot is being 
rolled on the primary mill, although some are apparent 
on the surface of the ingot itself, especially if it becomes 
cold. Ingot cracking has been the subject of numerous 
investigations, and some of the causes have been brought 
to light although many still remain obscure. Excessively 
high pouring temperature (a temperature considerably 
above the solidification temperature) has been estab- 
lished as one definite cause of ingot cracking. During 
solidification a dendritic crystalline structure is devel- 
oped in the ingot and interdendritic zones of weakness 
are formed which extend from the ingot surface toward 
the center. The larger the dendrites, the more pro- 
nounced are these zones. Lower pouring temperatures 
will help eliminate cracking from this origin by limiting 
the size while increasing the total number of individual 
dendrites. Folds due to surging of the molten metal in 
the mold form discontinuities in the ingot wall that lead 
to transverse ingot cracking. This type of defect has been 
minimized by use of mold coatings and improved mold 
design. Steels of the 0.15 to 0.25 per cent carbon grades, 
especially the fine-grained killed types, have the greatest 
tendency toward transverse cracking. Generally, the 
higher carbon steels have the least tendency toward this 
transverse rupturing. Hanging of hot-topped ingots by 
fins forming over the edge of the mold wall usually pro- 
duces a transverse crack approximately 6 inches below 


the hot-top junction, easily recognizable and termed a 
hanger crack. Hanger cracks from this source can be 
prevented by use of properly designed hot-tops. Plain- 
sided molds are more prone to produce or at least ac- 
centuate transverse cracking than the fluted type. Longi- 
tudinal cracks generally are related to the flute or corner 
design of the mold. 

Other and more obscure causes and corrective meas- 
ures for ingot cracking are a constant subject for study 
by practically all steel-mill personnel. 

2. Scabs — This type of defect is caused by splash of 
metal against the mold wall when an ingot is being 
teemed. Rapid solidification and oxidation of the metal 
on the mold wall causes it to stick to the ingot surface 
and finally appear as a scab on the surface of the rolled 
product. A picture of a scabby surface on a bloom is 
shown in Figure 26 — 1. This defect can be minimized 
by bottom pouring, use of mold coatings, and proper 
mold design, as well as by proper attention to pouring 
speed and technique, as discussed in Chapter 20. A “cold” 
heat usually causes difficulties in pouring, such as in- 
ability to obtain a tight closure of the ladle nozzle; the 
resulting leakage of molten metal when the ladle is 
positioned over the mold generally results in an ingot 
surface covered with scabs. Properly prepared mold 
coatings not only will minimize scabs but also will im- 
prove the surface condition generally. Many types of 
coatings have been employed with varying success, such 
as graphite, tar, aluminum paint, oil, and others. How- 
ever, it might be noted that a poor coating is often worse 
than no coating at all, becoming a better adherent for 
splashes than the original mold wall* itself. 

3. Seams — This term is used to denote the straight- 
line longitudinal cracks or openings that may appear 
on the surface of semi-finished steel. Generally, they 
may be divided into two classes: 

(a) A long deep seam usually is the result of ingot 
cracks, either longitudinal or transverse. A transverse 
crack in the ingot is elongated during rolling, and the 
scam so produced often has a “steeple” at the head, 
drawing out into a long straight line or a pair of parallel 
lines on the product. A deep scam on the semi-finished 
product surface such as originates in an ingot crack, is 
shown in Figure 26 — 2. The basic causes of these defects 
in the rolled steel are obviously the same as those out- 
lined above for ingot cracks. 

(b) Short seams, usually light and in clusters, may 
be due to a number of causes. Surface pits on the ingot, 
or subsurface blowholes which become exposed and 
oxidized during heating, will produce this defect. Some 
other causes include poor heating practice, and rolling 
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“ *’1°"™' showing the efifects of roll collars on the 
pre-existing scabby surface on the ingot from which it was rolled. 
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Fig. 26— 2. Deep seam 
with an ingot crack. 


on the surface of a semi-finished rolled product. 
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after rolling to facilitate detection of defects. 


rolled product, pickled 


outside the proper temperature range. Clustered seams 
are illustrated in Figure 26 — 3. 

Those surface defects which originate at the soaking 
pits and on the primary mill and other mills rolling 
semi-finished products are: 

1. Cinder Patch — ^Tliis defect is the result of pick-up 
of material from soaking-pit bottoms, and generally has 
the appearance of a very scabby bottom. Cinder patch 
can be overcome to a great extent by proper attention 
to bottom making. Some plants charge hot-top ingots 
of the big-end-up type upside down in the pits, thus 




causing me cinaer patch to be confined to the hot-top 
discard portion of the ingot. ^ 

Of impingement on the surface of ingots, usually 
on their comers, as they are heated in the soaking pitT 

Witt a resiiltant tearmg or rupturing oT the ingot on the 
prlma^ mlU. A burned bloom is shown in Figure 26 l. 
B^ed steel Mldom can be salvaged and normally must 
be»sn^d. Some steels are more sensitive to bLning 
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Fic. 26 — 4. Surface of a “burned** steel bloom. 






Fig. 26—5. A lap on the surface of a rolled steel billet. 


3. Laps — ^Laps are the result of overfilling in the mill 
passes that causes fins or projections which turn down 
as the material rolls through succeeding stands in the 
mill train. 

A lapped billet is shown in Figure 26 — 5. Laps usually 
are deep and the product often cannot be salvaged 
economically. 


The foregoing list of defects is not all-inclusive, but 
presents merely the more important catises of surface 
defects that require removal in conditioning. There are 
numerous other defects, such as: twist, guide marks, 
collar cut, diamond, bent, crop ends, and so on, the 
names of which are self-explanatory. Most of these will 
receive attention at various points in the text. 


SECTION 2 

INSPECTION 


Conditioning is that function of steel manufacture 
which, by removal of defects, renders steel more suitable 
for subsequent hot- and/or cold-forming operations. Of 
primary importance is the detection and proper removal 
of the defects where required. It Is neither economical 
nor always necessary (and, strictly speaking, probably 
not possible) to remove all of the imperfections. 

What, if anything, is removed is determined by the 
prospective subsequent operations and final end use of 
the product. The following paragraph is an example of 
^e method for determining the conditioning practice 
in a plant producing semi-finished steel for bar products. 

Using an arbitrary classification, product end uses 
can be grouped to include under one class semi-finished 
products which require the removal of all surface de- 
fects visible after pickling or skinning. As an example 
of this class of material, if the steel is intended for alloy- 
steel bars of hi^ hardenability and the bars are further 
quenched in oil after reheating, it is obvious that any 
light seams may result in qumich cracks, so that aU 


defects should be removed from the semi-finished steel. 
In a second example, where the material is to be rolled 
or forged to some finished form, but not heat-treated, 
oxidation during the reheating for rolling or forging will 
eliminate, in many cases, slight surface imperfections, 
and semi-finished products for this use could be placed 
in another class for which removal of only those defects 
visually detectable without pickling would be required. 
If material is to receive considerable work in further 
hot rolling or cold machining, even medium-sized seams 
can be acceptable, offering another classification which 
might be defined as a class of material requiring the re- 
moval of only major defects such as scabs, ingot cracks, 
laps, and deep seams. Finally, the remainder of the 
product can be placed in a class from which only those 
defects need be removed subh as large scabs m ingot 
cracks, deep laps, aind burned steel which might be 
damaging to either or both the final product or the 
operation (such as subsequent hot rolling where large 
scabs mi^t cause cobbles on the mill, tear out the 
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guides or cause other damage) . Thus, it can be seen that 
^e basis for inspection is predicated both on the end 
use of the product as well as upon the operations em- 
ployed to shape the steel into its final form. 

Pickling for Inspection — ^Pickling, as applied to surface 
inspection and conditioning, consists of immersing the 
steel in a chemical solution for the purpose of removing 
the scale on the outside surface so that defects will be 
exposed. The usual solution for ordinary steels is com- 
posed of 5 to 8 per cent sulphuric acid in water, used at 
temperatures between 150 and 180* F. A good, clean 
surface is desired for optimum results in inspection, and 
to attain this, relatively close control of temperature 
and acid concentration is necessary. A thorough rinse 


after pickling is required, either by immersion in dean, 
hot water or washing with high pressure nozzles. The 
time required for pickling varies with the grade of steel; 
for example, a 10-ton lift of blooms of plain-carbon steel 
may require pickling for around 45 minutes, while the 
same quantity of constructional alloy steel may require 
treatment for from 1 to hours. 

Pickling generally has been assodated with hand 
chipping, as a dual operation. In those plants where hand 
scarfing has replaced hand chipping, the pickling prac- 
tice has been abandoned, too. Modem practice for the 
same specifications is: for rectangular sections, to skin 
by scax^g and then spot scarf where needed; for round 
sections, to peel mechanically and then spot scarf. 


SECTION 3 


REMOVAL OF DEFECTS 


Hand Chipping — Until a few years prior to the First 
World War, the practice of extensive conditioning of 
semi-finished steel was almost unknown except for 
seamless tubes and special forgings. For most purposes, 
the use of a cold chisel and hand hammer was about all 
the work that was done, and this only to knock off such 
things as large slivers or scabs that might tear out the 
guides in rolling on a secondary mill. For the most part, 
steel was either accepted or scrapped in the semi- 
finished form. It is not to be assumed from this that a 
good deal of unusable material was produced, for it 
must be borne in mind that, in those days, a great deal 
of stock-removal in machining was accepted as com- 
monplace and the tolerances for finished work were 
much wider. This was the only method of steel prepara- 
tion used to any great extent imtil the early 1930’s. 

Hand chipping, as it is known today, consists of using 
a pneumatic hammer with a cold chisel placed in the 
barrel, so that the reciprocating action of the piston on 
the chisel causes the chisel to cut into the steel and re- 
move the surface to the desired extent. Figure 26—6 
shows a close-up view of a chipper at work. 

Machine Chipping — ^There are available several large 
machines built specifically for the purpose of removing 


imperfections from the surface of steel blooms and 
billets. These machines fall into two general types: the 
planer and the milling machine. 

The planer type, illustrated in Figure 26 — ^7, is con- 
structed with a large table which can be moved longi- 
tudinally and a tool holder which can be moved to any 
position in a plane vertical to the table motion. The steel 
is clamped onto the table by mechanical or hydraulic 
vise-type jaws. The table then is operated to move in a 
horizontal direction, back and forth in a reversing mo- 
tion, so that the steel passes under the tool. The tool can 
be adjusted while the machine is in operation. The dis- 
tance of travel and the depth of cut are governed by 
the operator. Speeds are varied in accordance with the 
hardness of the steel and the depth of cut desired. In 
this manner, any length of cut or repeated cuts in depth 
can be made, so that either complete skinning or partial 
surface removal can be accomplished. 

The milling machine, typified in Figure 26 — 8, is con- 
structed with a multiple set of tools in a revolving head. 
The steel is clamped in a stationary position, and the 
tool head can be moved in a horizontal as well as a 
vertical direction so that surface removal can be re- 
stricted to selected spots or the piece being conditioned 
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Fns. 26—6. Chipper using 
a pneumatic hammer 
equipped with a cold 
chisel for removing se- 
lected portions of steel 
.billet surface. 
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Pic. 26—9. A scarfing torch 
in use removing surface 
imperfections from a 
rolled steel dab. 
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can be skinned completely. Tbe entire frame of the 
machine carrsring the tool is capable of traveling the 
entire length of the pieces processed. 

Scarfing-oScarfing in the steel mill consists of surface 
removal by the use ^ oxygen torches (Figures 26—9, 
26 — 11 and 26 — ^14). The oxygen rapidly oxidizes the 
steel surface, generating elevated temperatures that 
cause the oxidized product to become liquid. The process 
can be carried out on hot steel between stages of rolling, 
when hot scarfing machines are used, or on cold steel 
in the conditioning area by the use of the hand torch. 
In principle, the tip of the scarfing torch is similar to 
the regular oxygen-gas torches used for the burning of 
steel. As early as 1919, surface-defect removal on semi- 
finished steel was attempted by hand scarfing, but be- 
cause of lack of knowledge of proper torch design and 
the difficulties encountered with the fuel gas, the results 
obtained were unsatisfactory. During the 1920’s, some 
attempts at specialized uses of torches met with success, 
but it was not until 1929 that a determined effort was 
made to procure fuels and equipment to perform satis- 
factorily the function of defect removal from the surface 
of semi-finished steels. Promotion of the chemical re- 
action that forms the melted iron oxide is not the only 
function of the oxygen,* its kinetic energy must also 
force the liquid, oxidized metal from the path of the 
torch. 

Hand Scarfing of Cold Steel — ^As might be expected, 
the first hand torches, though successful, were cumber- 
some and slow, but since 1929 many outstanding im- 
provements have been effected so that the bulk of semi- 
»! finished steel now is conditioned by the scarfing method. 

, So far, only oxygen has been mentioned, but fuel gas, 

. %oo, is necessary to the functioning of the scarfing torch. 

/ The gas acts as a preheating agent to elevate a spot on 
the steel surface to such a temperature that the oxygen 
and the steel will begin to combine chemically. Once 
this preheating has been accomplished, the heat of re- 
action between oxygen and iron produces sufficient heat 
in front of the torch tip to maintain the reaction and 
fuel gas is no longer a necessary part of the operation. 
An interesting development with respect to this spot 
pre-heating is the so-called starting rod, which is a 
small rod of steel that extends into the flame and is 
heated until a small drop of melted rod falls onto the 
steel surface, thus instantly kindling the reaction. The 
melting of this steel rod is a matter of a fraction of a 
second as opposed to the 6 or 8 seconds required to heat 
sufficiently a spot on the steel surface with the fiame 
alone. Many different types of torches and many differ- 
ent kinds of fuel gases are employed currently. 

Perhaps the largest tonnage of all conditioned steel is 
process^ by hand scarfing. Scarfing can be used for 
both small and large sizes down to about 2 inches by 
2 inches, below which a bowing effect is produced. 

A factor present in scarfing cold steel which is not 
present in other types of conditioning previously de- 
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scribed might be termed the metallurgy of scarfing. 
When a relatively small portion of a large piece of steel, 
such as the area adjacent to a cut made by the scarfing 
torch, is heated to a high temperature and the source of 
heat is suddenly removed, a quenching effect is produced 
by the rapid extraction of heat from the hot area by 
conduction of heat into the surrounding relatively cold 
areas. This rapid cooling of a heated portion of steel 
from a temperature above its critical temperature range 
causes it to harden, to a degree proportionate to its 
carbon content and to some extent also to the harden- 
ability of the particular steel being scarfed. In plain low- 
carbon steel, this effect is not noticeable, but as the 
content of carbon or alloying elements increases, the 
effect becomes more and more severe, producing, in the 
extreme case, a hard, martensitic layer on the surface 
where scarfing has been performed. 

This hardened surface will crack upon cooling if no 
preventive measures are taken. Scarfing cracks on a 
billet are shown in Figure 26 — 10. To prevent scarfing 
cracks, preheating before scarfing to temperatures be- 
tween 300 and 500® F normally will suffice, although in 
highly critical grades, such as SAE 52100 (1.0 per cent 
carbon, 1.3-1.6 per cent chromium), postheating for 
stress relief after scarfing also should be employed. To 
eliminate completely the hardened surface, a normaliz- 
ing or annealing heat treatment is necessary. Ordinary 
brick pits, gas fired, can be used for routine preheating 
before scarfing, where a sufficient tonnage of sensitive 
steels is involved. Conventional car-bottom or continu- 
ous hcat-troating furnaces are employed for complete 
softening of the steel by heat treatment. The necessity 
for proper preheating of some steels cannot be over- 
emphasized, since scarfing cracks cannot be tolerated in 
finished products. 

Mechanical Scarfing of Hot Steel— The mechanical hot 
scarfer (Figure 26 — ^11) originated about 1930. It is in- 
stalled directly in the mill line, and is composed of a 
number of scarfing torches so designed that they form 
a pass on the mill. The torches are used in exactly the 
same manner as the hand torch. A starting rod is not 
used because the high temperature of the product being 
rolled is enough to obtain quick starting action. The 
working speed of the machine must be coordinated with 
the mill so that no delay in rolling production is en- 
countered. Only a moderate amount of metal can be 
removed but very satisfactory results can be obtained 
in conditioning some products. This equipment is not 
confined to four-side removal, but has been employed 
for two-side removal (of slab edges and the like). Such 
machines can be designed to meet the needs of individual 
mills. 

Grinding — Conditioning by grinding also is in general 
use. For semi-finished steels, the stationary or swing- 
frame grinder is employed. This machine consists of a 
large grinding stone, up to 24 inches in diameter, elec- 
trically driven. The machine is suspended so that it can 





Ena. 26—10. Surface cracks resulting from scarfing to remove surface imperfections from a 
rolled steel billet 
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Fic. 26—11. View of a hot scarier in operation at a slab mill 



12. Two awing 
grinders in operation 
conditioning the surface 
of a steel slab. 
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Fig. 26—13. Straddle carrier in right foreground facilitates the transporting and stocking of scnii-iinished niatcnui. 





Fic. 26—14. Overall view of a bloom-turning machine showing a bloom on the supporting arms being scarfed. 
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be raised or lowered readily to suit the product being 
ground* When the material is positioned properly and 
held firmly, the operator grasps the handle bars and, 
by body pressure, forces the revolving stone against that 
portion of ^e surface to be removed, moving the stone 
with a slight back and forth horizontal movement until 
the defect is gone (Figure 26—12). The grinding wheel 
can be considered as a revolving cylinder carrying 
many sharp tools, which are the abrasive grains. When 
revolving at a proper speed, the grains cut very small 
chips from the material being ground. It is, therefore, 
the cumulative effect of the action of a very large num- 
ber of cutting points which produces the result. Grind- 
ing cracks can result from the heat generated by grind- 
ing unless the proper wheels are used; this occurrence 
is related to the quenching effect discussed under “Hand 
Scarfing of Cold Steel.” 


Grinding is a more or less specialized process, being 
particularly adaptable to stainless steel and other prod- 
ucts which cannot be scarfed or chipped. 

Material Handling — New developments in the ma- 
terial handling field are being employed in increasing 
numbers to simplify the handling and stocking of ma- 
terial for conditioning. The use of straddle carriers 
(Figure 26—13), in some plants which have large con- 
veniently located vacant areas, has revolutionized the 
transporting of semi-finished material, permitting flexi- 
bility and simplification of stocking areas, improved 
scheduling and better control of inventory. Bloom- 
turning machines (Figure 26—14) safely and efficiently 
position material automatically for hand scarfing, per- 
mitting increased tonnage to be conditioned. These ma- 
chines are designed to be loaded and unloaded by fork 
lift trucks, eliminating the need for cranes. 


SECTION 4 

CONTROLLED COOLING OF SEMI-FINISHED PRODUCTS 


Blooms, billets and slabs are rolled at temperatures 
well above the critical temperature range of the steel and 
thus, in cooling to atmospheric temperature after rolling, 
must pass through its transformation range. Depending 
upon the chemical composition of the steel and the size 
of product rolled from it, it may be necessary to retard 
the rate of cooling by artificial means for two reasons: 

(1) To prevent the formation of small internal rup- 
tures, called flakes. 

(2) To minimize development of internal stresses. 

Some steels are relatively very sensitive to rapid 
changes in temperature, and this thermal sensitivity re- 
quires that great care bo exercised during both heating 
and cooling to avoid physical damage to the steel due to 
high internal stresses. 

Nature and Prevention of Flakes — Flakes are small 
internal ruptures that usually occur some distance away 
from the end of a piece and often midway from the sur- 
face to the center of a section. Although there is not 
complete accord as to the relative importance of the 


various factors contributing to flaking, it generally is 
considered that hydrogen dissolved in the molten steel 
makes it more susceptible to flakes and that proper re- 
tardation of cooling from forging or rolling temperatures 
effectively will prevent their formation. 

Development of Controlled -Cooling Practices — ^The 
earliest method employed for retarding the rate of cool- 
ing after forging or rolling was to bury the steel, as it 
came from the press or mill, in ashes or some other in- 
sulating material such as sand or slag. The purpose of 
this was not to prevent flakes, but to retard the cooling 
sufficiently to lessen the hardness developed by the steel 
on cooling and to minimize the development of internal 
stresses. Rates of cooling varied greatly, depending upon 
the type of insulating material used and the depth to 
which the steel was covered. No positive control of cool- 
ing rates was possible with such crude methods, and the 
time required before the steel safely could be removed 
usually was two to ten days. Another method of slow 
cooling involved the use of unfired pits, lined with brick 
to provide insulation. After the steel was placed in these 


SAE 4340 


SAE 52100 


C-0 42 Mn-0 78 NI-179 Cr- 0 80 Mo- 0 33 C - I 02 Mn-0 36 Ni-0 20 Cr - I 41 

AUSTENITIZED AT I550'F, GRAIN SIZE* 7-8 AUSTENITIZED AT I950*F, GRAIN SIZE 3 



Fig. 26—15. Cooling curves superimposed on isothermal transformation diagrams of two steels, siiowing cooling cycles 
employed to effect transformation in a minimum of time while still avoiding flake formation. 
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pits, they were covered with insulated lids, and the 
charge cooled at a rate dependent upon the mass of the 
charge and the rate at which heat was lost by radiation. 
In another method, steel boxes were inverted over piles 
or bundles of hot steel as it was delivered from the 
mill. Because of the space and long time required, and 
the difficulties involved in handling, the burying 
processes proved entirely inadequate as increased ton- 
nages of alloy steel came to be produced. Consequently, 
it became imperative to develop more suitable means for 
slow cooling. 

In recent times, use has been made of automatically 
controlled furnaces, insulated and heated railway gon- 
dola cars with covers, and heavy pits equipped to control 
temperatures during slow cooling. With such equipment, 
it has been possible to take advantage of cooling cycles 
of considerably shorter duration with better control of 
results. When using equipment that makes possible close 
control of rate of cooling, the temperature of the steel 
can be lowered rapidly and arrested at the desired 
temperature which improved knowledge of heat-treating 
procedures has established as effective for each particu- 
lar type of steel. After a suitable holding time, measured 
in hours instead of days (as was the case when the 
steel was simply buried in ashes), the steel can be re- 
moved and air cooled in the open, permitting prompt 
placement of the next charge in the furnace or pit. 

Much experimental work has been done to determine 
the proper holding temperature for the different grades 
of steel. Figure 26 — 15 shows the cooling curves for 
AISI 4340 and 52100 steels superimposed on the iso- 
thermal transformation curves for these steels. The 
latter curves, formerly called “S” curves, show the time 
required to complete transformation at various tempera- 
ture levels, and a more detailed description of their 
derivation and use will be found in a later chapter. The 
objective in selecting the holding time for each of these 
grades was to determine what temperature would re- 
quire the minimum holding time to obtain transforma- 
tion and still give a product free from flakes. In the case 
of the 52100 steel, 1200 ** F was selected as the tempera- 
ture from which the billets could be air cooled. For the 
4340 steel, holding at 1200 ’ F was not feasible, as exces- 
sive^ time would be required for transformation. Since 
600 F corresponded to the minimum time of holding, 
this was the temperature selected. Transformation in this 


range would result in an appreciable amoimt of internal 
stress which might result in flakes on cooling in air to 
atmospheric temperature. Hence, instead of air cooling 
immeffiately after the end of the holding period, this 
particular steel should be heated instead to a tempera- 
ture just below the critical range to relieve these stresses, 
after which it may be cooled. 

These two types of cycles are applicable to a large 
number of different grades of steel, and the holding 
temperature for a particular grade can be determined 
from the proper isothermal transformation diagram. In 
general, the higher holding temperatures followed by 
air cooling can be used for the carbon and lower alloy 
grades of steel; the use of lower holding temperatures, 
followed by immediate reheating to just below the criti- 
cal temperature range, is applicable to the more highly 
alloyed deep-hardening steels. 



Chapter 27 

ROLLING OF CARBON-STEEL PLATES 


SECTION 1 

PLATE-MILL OPERATIONS AND PRODUCTS 


Plates are classified, by definition, according to cer- 
tain size limitations, in order to distinguish them from 
sheet and strip. In accordance with this classification, 
carbon -steel plates are considered to be those flat, hot- 
rolled, finished, carbon -steel products that come within 
the following dimensional and weight limitations: 

0.180 in. or thicker, over 48 in. wide 
0.230 in. or thicker, over 6 in. wide 
7.53 lb. per sq. ft. or heavier, over 48 in. wide 
9.62 lb. per sq. ft. or heavier, over 6 in. wide 

There are a few exceptions to the above classification. 
Flat hot-rolled semi-finished carbon-steel products 
such as slabs, sheet bar and skelp are not classed as 
plates, although their dimensions and weights may be 
included within the foregoing limits. 

Plates are used in plate girders, chord sections, 
gussets, and other parts of bridges, in freight and tank 
cars, in ships, line pipe, storage tanks, penstocks, pres- 
sure vessels, machine-tool frames, weldments, gal- 
vanizing pots and many special applications. 

Plates are produced by hot rolling, either from re- 
heated slabs or directly from ingots. The terms applied 
to plates to differentiate between the several kinds are 
based upon the types of mills used in their production, 
e.g., sheared plate, or sheared mill plates when rolled 
between straight horizontal rolls and later trimmed on 
all edges. They are called universal plates, or univer.sal 
mill plates (abbreviated U. M, plates) when rolled 
simultaneously between both plain horizontal and ver- 
tical rolls and trimmed on the ends only. Grooved rolls 
are sometimes substituted for the plain horizontal rolls 
used for universal plates. 

Carbon-steel rolled floor plates ace also flat, hot- 
rolled, finished steel products which come under the 
plate classification. Floor plates are hot-finished in the 
final pass or passes between one or more pairs of rolls. 
One roll of each pair has a pattern cut into it so that 
one surface of the plate passing between the rolls is 
forced into the depressions on the pattern roll to form 
a raised figure at regular intervals on the surface of 
the plate. Individual floor-plate patterns are produced 
exclusively by each manufacturer, the patterns differ- 
ing in both dimensions and appearance. 

In addition to carbon steels, the complete range of 
steel-plate production includes high-strength, alloy and 
stainless steels, which are discussed in later chapters 
relating to these individual subjects. 

Carbon steels constitute the major plate-steel pro- 
duction, but a discussion of the rolling mills and 
auxiliaries is common to all plate-steel production. 
There are, however, even with carbon plate steel, spe- 
cial manufacturing and quality requirements which 
have been adopted by Ihe industry. These are not dis- 


cussed here, but are given in full in “Steel Products 
Manual, No. 6,” issued by the American Iron and Steel 
Institute. 

The several types of plate mills, their design features 
and operation are discussed in the following paragraphs, 
and descriptions are given of individual mills, including 
sheared plate, universal plate, continuous and semi- 
continuous types. 

Mill Operations — The sequence of operations for plate 
mills is covered by the following general subdivisions: 

1. Heating the slabs for rolling 

2. Descaling 

3. Rolling plates 

4. Leveling or flattening 

5. Cooling 

6. Shearing 

Heating (General)— The era of the predominance of 
three -high plate mills was coincident with the develop- 
ment of open-hearth furnaces in which furnace capac- 
ities were relatively small, ranging from 40 to 100 tons. 
Ingots, with the exception of those poured for armor 
plates, were also relatively small and 40-inch maximum 
width dimensions were about the largest produced. 
The three-high mills, however, were not as restricted 
in the production of plate-size ranges as might be 
inferred from the restricted ingot sizes. Slabs were 
conveyed to the mill in a broadside position and after 
the requisite number of passes were taken to attain 
plate widths, turning hooks attached to rigid masts 
were employed to turn the stock 90 degrees by utilizing 
table traction. The stock was then reduced to final 
thickness in successive passes. Batch-type heating fur- 
naces provided the additional flexibility of permitting 
slabs to be provided either for single units of the 
ordered plate size or for a range of multiples that 
would best conform to physical equipment limitations 
and operating economies. 

Plate-producing plants were laid out so that slabs 
from the primary mills could be conveyed or trans- 
ported to the batch furnaces as hot charges. Such lay- 
outs were motivated by the considerations: (1) that 
small ingots were not so susceptible as large ingots to 
being the source of major surface defects that carried 
through to the finished product; (2) that economical, 
intermediate-conditioning processes had not yet been 
developed; and (3) that the economies of increased 
production rates from hot charges would more than 
offset the surface rejections which might be incurred. 

Heating in a fuel-fired batch furnace is essentially a 
process of transmitting heat by radiation and convection 
from the combustibles to the top slab surface and by 
conduction through the thickness of the slab to the 
bottom surface and the hearth. Even where the tem- 
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peratures of both the hearth and the charge are high 
in relation to the drawing temperature at the beginning 
of a cycle of charges and draws, the heating rates per 
square foot of furnace area are low in contrast with 
continuous slab-heating furnaces. When the cycle in- 
volves cold charges, the initial abstraction of heat from 
the hearth, which must be restored later in the cycle, 
slows the process to the point where continuous opera- 
tion is impracticable, if the heating capacity was in- 
stalled initially for hot charges. The process of heating 
from top to bottom through the thickness, in itself, sug- 
gests the existence of a temperature differential which 
can be minimized only by soaking. Changes which have 
occurred in the industry in the past thirty-five years 
have created a trend in the direction of cold charges 
and have confronted many plants with the necessity of 
determining whether to operate mills on an intermittent 
basis, add heating capacity, or build new mills. 

Furnace-control equipment is intended not only to 
effect fuel economies, but also to improve the quality 
of heating. Slab heating is improved if slabs arc brought 
to the plastic state most satisfactory for rolling, with a 
minimum of temperature variation in each slab without 
any part ever attaining an excessive temperature, and 
with the production of a scale coating conducive to the 
best surface finish. The thickness and the type of scale 
formation is dependent on temperature, time at temper- 
ature, and availability of oxygen. The temperature that 
must be used is dependent upon the required plastic 
state of the heated steel; time of heating is controlled 
by the heating capacity of the furnace; therefore, con- 
trol of the fuel-air ratio is the only flexible practical 
determinant of the types of scale that may be formed, 
which may vary from extremely adherent to loose. 
Automatic furnace-control equipment was not available 
when the bulk of existing batch furnaces was designed. 
Some were modified later to permit installation of con- 
trols. Several furnaces, such as at Homestead District 
Works, built during World War II, were designed for 
and equipped with automatic furnace controls. The 
preponderant number of batch furnaces still in opera- 
tion are dependent on manual control. 

Most of the existing continuous slab -heating furnaces 
were designed for and are operated on cold charges. 
The slabs are charged into the low-temperature end 
of the furnace and progress toward the high-tempera- 
ture end by being pushed progressively forward on 
water-cooled skids. Burners located above and below 


the skid level furnish heat by radiation and convection 
to both the top and the bottom surfaces of the slabs 
until they reach the high-temperature zone, which is,- 
in effect, a soaking zone. Only top burners are provided 
for the high-temperature zone. The slabs are at ap- 
proximate rolling temperature when they arrive in this 
zone, and elimination of skid marks (visibly colder 
“stripes” on slabs caused by contact with the water- 
cooled skids) and other temperature non-uniformities, 
plus making up radiation losses to maintain the desired 
furnace temperature, are the principal heat require- 
ments to be met. Slab-heating furnaces of this type 
either had furnace controls included in the original de- 
sign or they were added later, inasmuch as such fur- 
naces are very adaptable to automatically controlled 
operation. Scale formation, consequently, can be con- 
trolled closely with respect to both thickness and type. 

Descaling Methods and Equipment — Prior to the in- 
troduction of the modem hydraulic pressure sprays, 
various expedients were resorted to for primary scale 
removal. Moistened burlap thrown on the slab at the 
entry side of the rolling mill embodied the same scale- 
removing principle as the more common use of salt. 
In both instances the materials were used to get mois- 
ture between the work rolls and tlie stock, where it 
vaporized instantaneously with explosive effects and re- 
moved the scale. Of all flat, hot-rolled products, hot- 
rolled sheet and strip must meet the most stringent 
surface finish requirements, and it was natural that 
scale-removal methods and equipment would first reach 
their maximum development in connection with those 
product classifications which were rolled on continuous 
mills. The trend of development moved in the direction 
of the use of a leading roll stand in which light drafts 
were taken for the initial breaking of the scale. Hydrau- 
lic sprays, impinging on both top and bottom surfaces, 
were placed on the delivery side of the scale breaker 
and on the entry side of the roughing stands and the 
first finishing stand. Hydraulic pressures were increased 
with various installations from the 600 to 800 pounds per 
square inch which prevailed for general plant hydraulic 
equipment, up to 1,500 pounds per square inch. It was 
found, however, that with proper heating, spray pres- 
sures of 1,000 pounds per square inch were adequate for 
the production of .surface finishes to meet consistently 
the most stringent requirements. The continuous hot- 
strip mill method of scale removal was, therefore, 
adopted for new plate-mill installations. 


SECTION 2 

GENERAL TYPES AND OPERATING CHARACTERISTICS OF 

PLATE MILLS 


In this section, general design and operating features 
of plate mills of several types will be compared. De- 
tailed descriptions of existing plate mills will be given 
in Section 3. 

Plate-rolling mills are generally considered in two 
very broad design classifications. One type includes the 
universal mills, which are characterized by vertical 
rolls preceding and following the horizontal rolls. The 
horizontal and the vertical rolls are integrated into a 
single mill unit and work the stock simultaneously. The 
purpose of the vertical rolls is not only to work the 
edges of the stock in the process of reduction, but also 
to produce a rolled width in conformance with specified 
standard tolerances. 

The second tsrpe includes the sheared -plate mills, 


some of which may include edge-working equipment. 
While some installations use the edging equipment for 
both edge working and approximate width sizing, final 
widths are attained by edge shearing. Sheared-plate 
mills, in turn, may be subdivided into the following mill 
typos: (1) the single-stand two-high pull-over mill, 
(2) the single-stand two-high reversing mill, (3) the 
conventional three-high mill, (4) the four-high revers- 
ing mill, (5) the tandem mill, (6) the semi-continuous 
mill, and (7) the continuous mill. In addition to the dis- 
tinct types mentioned, a variety of tandem combina- 
tions are in operation. If the characteristics of the five 
distinct types are understood, the working character- 
istics of a variety of possible tandem arrangements 
readily can be inferred. 
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TWO-HIGH PULL-OVER MILLS 

The two-high pull-over plate mills were essentially 
an adaptation of the then existing sheet mills to plate 
rolling. Prior to the development of mechanical passers, 
single-stand hot sheet mills were drafted in one direc- 
tion only, and the sheet packs were returned for suc- 
cessive passes by being lifted manually on to the top 
roll and pulled over by hand to the starting or entiy 
side with the aid of the tractive friction of the top roll. 
Roll settings were altered after each pass by hand 
operation of levers, which rotated the head screws. 
Plates rolled on these mills were limited in size and 
weight by the ability to handle manually. This re- 
stricted their utility and soon rendered these mills 
obsolete for producing finished plate. Two-high non- 
reversing mills still are in operation, however, in the 
form of single-pass units, such as scale breakers and 
Toughers, in tandem arrangements in which the 
finishing-mill unit is either a three- or a four-high mill. 

TWO-HIGH SINGLE-STAND REVERSING MILLS 

Hot-rolled sheet production by the pack method 
anteceded volume tonnage production, and recognition 
of the impracticability of handling similarly the heavier 
plate weights prompted the introduction of reversing 
engines for two-high mills. The.se mills, likewise, soon 
reached their practical limit of application, particularly 
with respect to the production of the wide, lighter-gage 
plate. The fact that all passes from slab to fini.shed plate 
were made on the same set of rolls accelerated roll 
wear, which is always greatest in the central portion of 
the roll body and in itself imposes a restriction on the 
gage that can be finished satisfactorily. Roll deflection 
IS an important factor and, for the same roll diameter, 
increases with the body length for like reductions. An 
increase in the roll diameter to provide more strength 
and stiffness increases the separating force between the 
rolls for the same draft, because of the greater area of 
contact between the stock and the rolls. The lessening 
of roll deflection, therefore, progresses at a diminishing 
ratio with increasing roll diameters. 

The art of casting massive rolls developed gradually. 
Increased roll separating forces for like reductions 
meant greater power requirements for rolling, as well 
as to overcome greater resistance to acceleration and 
deceleration. The design of reversing engines of in- 
creasing power also was a gradual development. Neither 
of these developments progres.sed sufficiently to meet 
expanding plate requirements prior to the invention 
of the three-high mill which overcame, at least to a 
degree, some of the principal drawbacks of the two- 
high reversing mill. 

Operation of two-high single -stand reversing plate 
mills continued in England after they were largely 
displaced on the Continent and entirely displaced in this 
country. As they arc obsolete in this country, a detailed 
description of any installation would have historical 
value only. 

THREE-HIGH MILLS 

The invention of the three-high mill provided design 
features which, to a degree, overcame some of the prin- 
cipal limitations of the two-high reversing type. In the 
three-high mill, the top and the bottom rolls are of large 
diameter, whereas the middle roll is friction -driven and 
usually about two-thirds of the diameter of the top and 
bottom rolls. The top roll can be raised and lowered in 
the housing by power-operated screws, and the middle 
roll can be brought into contact alternately with the top 
and the bottom rolls. In making the bottom pass, the 
stock passes between tbp middle and the bottom roll 


while the top roll serve.s as a backup roll. The slock is 
raised on the delivery .side by a tilting table for a return 
pa.ss between the middle and the top roll, while the 
bottom roll serves as a backup roll. The sequence ol 
alternate passes is continued until the slock is reduced 
to the desired finished plate thickness. 

The middle roll is changed wlicn combined roll wear 
produces a crowned plate which approaches the per- 
missible tolerance limits. The replacement roll is itself 
crowned to compensate for the wear which already has 
taken place on the top and the bottom rolls. Successive 
replacements in the cour.se of a week’s rolling schedule 
are turned with progres.sively increased erown.s to com- 
pensate for the continued wear of lht‘ top and the bot- 
tom rolls. During the weekly mill-repair shutdown, the 
lop and the bottom rolls are eithiT turned m place to 
their original contours or are replaced with newly 
dressed rolls. The cycle of replacement of middle rolls 
with progressively increased crowns is repeated in lh(' 
following week. 

The fact that one of the roils in contact with the .stock 
on each pass is of smaller diameter than is rociuirc'd for 
strength (the requisite strength being provided by the 
roll serving as a backup) reduces the total roll separat- 
ing force for like drafts in contrast with a two-high mill 
This principle, when applu'd to wide plate production, 
served to solve the problem of providing rolls of the re- 
quired strength without being too massive. The fact 
that only one smallcr-diametcr roll needed to be n*- 
placed in the course of a rolling schedule for wi'iii 
compensation, cased the roll-changing problem. Tlu* 
three-high roll arrangement, with tilting tables on entry 
and delivery sides, eliminated the necessity for using 
reversing engines. The lilting tables and the unidirec- 
tional main drives permitted a shortening of the rolling- 
time cycle and provid(?d a temperature advantage in the 
finishing td light -gag(' plates. Continued trade demands 
for improved finishes, lighter gages, and closer and 
more uniform rolling to desired dimensions (width and 
thickne.ss) for many applications, which the three-high 
mill could not meet consistently, hastened the develop- 
ment of the other plate-mill types. 

FOUR-HIGH REVERSING MILLS 

The development of the four-high reversing plate mill 
further increased the advantages which the three-high 
mill possessed when compared with the two-high re- 
versing mill. The backup-roll to work-roll diameter 
ratios were increased to over two-to-one as compared 
with Ihe three-to-two ratios prevailing in three-high 
mills. For like reductions, therefore, not only is the 
total roll separating force less, but also strength is pro- 
vided for each pass by the backup rolls on both top and 
bottom sides. A four-high reversing plate mill was in 
operation in 1917 at the Coatesville, Pennsylvania, plant 
of the Lukens Steel Company; but the general adoption 
of the type for plate rolling was retarded until antifric- 
tion bearings for the rolls became available. Such bear- 
ings were developed for the hot-strip mills and the 
cold-reduction mills and their use was extended to 
four-high reversing plate mills. A concurrent develop- 
ment was the designing of multi-armature reversing 
motors for primary mills. The development of the latter 
motor types reduced the inertia effects of massive mill 
parts and their relation to acceleration and deceleration 
on reversals. The multi-armature motors replaced the 
reversing steam engines as prime movers. 

TANDEM MILLS 

Many of the original single-stand plate mills have 
been supplemented by an additional stand to form a 
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tandem plate mill. The various tandem-mill arrange- 
ments represent a wide variety of mill unit combina- 
tions, which achieve two principal objectives. When 
the total work of reducing slab to plate is divided be- 
tween two mill stands, satisfactory surface finish and 
shape of rolls can be maintained for longer periods 
between roll changes. Secondly, since the work is di- 
vided between two units operating simultaneously, the 
required time interval for the reduction of a slab to a 
plate is reduced and the overall capacity of the unit is 
increased correspondingly. 

A wide variety of tandem arrangements exists be- 
cause they represent modifications of original rather 
than new installations, and because they were accom- 
plished by the maximum utilization of existing equip- 
ment, the minimum expenditure for new equipment and 
a minimum of alteration to auxiliary facilities. The 
tandem arrangements, consequently, may include a 
two-high reversing rougher with a three-high finisher; 
a two-high reversing rougher with a four-high finisher; 
a three-high rougher with a thrce-high finisher; or a 
three-high rougher with a four-high finisher. 

The two principal advantages of the tandem mills 
over the corresponding single -stand mills have been 
stated. No specific installation has mill or auxiliary 
equipment of engineering interest which is not covered 
in descriptions of more standardized arrangements. 

SEMI-CONTINUOUS AND CONTINUOUS MILLS 

These plate mills constitute the plate-mill groupings 
which include multipass, reversing, roughing units 
for the semi-continuous mills, and non-reversing 
roughing units for the continuous mills, coupled with 
two or more single-pass continuous units in which the 
plate is reduced simultaneously. Two-, three- and four- 
high stands with or without scale breakers, broadside 
stands, squeezers, and edgers are used as roughing 
units, while four-high stands are used as finishing units. 
The semi-continuous mill arrangement, although re- 
quiring a larger capital investment, has a number of 
operating advantages over both the single-stand and 
the tandem-mill types. The total reduction work is di- 
vided between individual stands to an even greater ex- 
tent than in the case of the tandem mills. The roll wear 
of individual stands is, therefore, less than that of the 
prior mill types. The total time increment for reduction 
from slab to plate also is less, and the tonnage capacity 
per unit of time correspondingly is greater. The de- 
creased time element permits sheets as well as plates 
to be rolled on these imits, 

UNIVERSAL MILLS 

Universal plate mills are single-stand units which 
roll plates to width within standard tolerances. Al- 
though universal plate mills producing widths up to 60 
inches have been in operation, the bulk of the installa- 
tions has been of 48-inch width and under. The num- 
ber of installations and the capacity has decreased 
rather than increased in the past several decades. This 
may be attributed to the development of the narrow as 
well as the wide continuous hot-strip mills, and to the 
development of the wide-flanged beam mills. The 
former mill types, particularly in the narrower widths, 
have displaced directly considerable xmiversal-mill 
tonnage, owing to the improved surface finishes that 
can be obtained with the continuous hot-strip mills. The 
production of deep wide-flange beams displaced a large 
tonnage of fabricated beams and columns that formerly 
had utilized tmiversal plates for the web portions. Con- 
sequently, the univers^ plate mills which are in opera- 
tion today date back several decades to their installation 


dates; and the unit which will be described in detail is 
typical in spite of its early construction date. 

PLATE-ROLUNG VARIABLES 

The rolling of plates is subject to a number of varia- 
bles. Control of temperature, if not properly effected, 
may cause variations in mechanical properties in steel 
from the same melt or lot of material. Inherent char- 
acteristics of equipment permit one mill to roll plates 
to closer limits for thickness, weight, width, length, 
camber (the greatest deviation from a straight line 
along a longitudinal edge), and flatness of plate after 
mill finishing-pass delivery and ordinary roller-leveler 
treatment. 

Other variables affecting rolling are the mill spring 
(the total looseness under load of all mechanical parts) 
between the roll necks and the housings, which makes 
it necessary to increase spring allowances for light mill 
construction as compared with heavier or more rigid 
mill construction for the same loading. 

Bending of rolls and resultant crown in the plates are 
also variables which affect the accuracy of rolling. 
When the rolls are .subjected to the separating force 
of a plate being rolled between them, they are equiva- 
lent to beams supported at the bearing centers and 
subjected to a uniformly distributed load over the 
length. Uniformly loaded beams have maximum deflec- 
tion in the center and a similar condition exists in the 
rolls. For the same drafts, small-diameter rolls arc sub- 
ject to less separating force than large-diameter rolls 
but the latter have greater re.sistance to deflection. The 
minimum roll deflection and plate crown are found in a 
mill with small-diameter work rolls backed up by 
large-diameter rolls. Crown (increa.se in thickness of 
the rolled center of the plate over its edges) is related 
to the amount of bending or deflection in the rolls. A 
minimum crown and uniform thickness of plates are 
desirable for many applications, especially forming 
operations. 

Roll wear is an important factor in rolling plates. 
There is only one point in the arc of contact of the rolls 
with the stock at which the linear speed of the rolls 
and the stock is identical. As mentioned in Chapter 19, 
this is called the neutral point. There is backward 
slippage of the stock on the entry side and forward 
slippage on the delivery side of the neutral point. Slip- 
page contributes to roll wear, and as the central por- 
tion of the roll face comes in contact with the stock on 
all widths, it is subject to the most wear and gradually 
develops a hollow contour across the roll face, accom- 
panied by a surface roughness. 

The effect of roll wear on plate crown and surface 
finish can be visualized readily. An additional effect 
relates to plate flatness and becomes more pronounced 
with the thinner plate gages. Roller levelers operate 
on the principle of imposing a slight extension, through 
the bending-roll action, on each increment of constricted 
plate surface as it goes through each bending action in 
the leveler. The extensions which can be imposed by the 
bonding action are relatively slight and, even for these 
to be accomplished in one pass, a minimum state of 
plasticity (corresponding to that which obtains at the 
lower transformation tempernture) generally is re- 
quired. 

Because edges of rolled plato cool faster than the 
center, the desired shape for entry into the leveler, par- 
ticularly for light gages, is one with a slight edge wave. 
A mill which is too full will deliver light-gage plates 
with center buckles that require excessive edge exten- 
sions in the leveler to secure flat delivery. Conversely, 
a hollow mill will deliver light-gage plates with more 
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edge wave than can be compensated for by the limited 
extension of the central portions of the plate which can 
be accomplished in the leveler. 

Temperature variation in the plate from the front end 
to the back is also a problem in rolling plates. Every 
roll pass involves a time interval for its accomplish- 
ment. In initial passes, when the stock is relatively 
thick and short, the time interval has no practical effect 
in creating a temperature differential from front to 
back. If the stock is being reduced to wide, light gage, 
and is elongated to long, thin lengths in the last several 
passes, the time interval will cause temperature dif- 
ferentials of such magnitude that the consequent gage 
differential must be anticipated in mill settings in order 
to retain the gage within tolerances. Differentials arc 
minimized by shortening the time required for rolling. 

Leveling (Flattening)— The amount of flattening re- 
quired by the plate after leaving the rolls generally 
increases with decreasing thickness of the plate. The 
effectiveness with which flattening can be accomplished 
by a leveler increases with decreasing roll diameters 
and spacings and with increasing temperatures. For 
light-gage plates, therefore, a roller leveler with small- 
diameter rolls and with close roll spacings should be 
located near the mill finishing stand. 

Hcavier-gage plates, at corresponding temperatures, 
require greater strength and rigidity of rolls than 
lighter-gage plates. The heavier gages usually are de- 
livered from the rolls at higher finishing temperatures 
and require accelerated cooling prior to leveler entry 
or the leveler must be located at a greater distance from 
the finishing stand to permit proper cooling before 
leveler entry. A compromise in roll diameters and 
leveler location may be satisfactory if the range of 
gages produced does not include extremes. 

Levelers with small-diameter bending rolls backed 
up by short, rigidly supported backing-up rolls are 
used for cold releveling. They provide the requisite 
combination of severe bending and roll rigidity. 

Cooling — Plates delivered from the roller leveler must 


be cooled uniformly to avoid localized stresses that 
again would set up permanent localized distortions. 
As more heat is given up by the plate on contact with 
another metallic surface than by exposure to the at- 
mosphere, it is necessary that cooling conveyors be so 
constructed that only momentary, staggered contacts 
are made with the bottom surface of the plate and cool- 
ing of the bottom side is effected primarily by radia- 
tion, similarly to the top surface. This cooling condition 
should be maintained until temperatures are reached 
at which the plates are no longer susceptible to distor- 
tion as a result of non-uniform cooling. 

Shearing — All plates arc sheared above atmospheric 
temperature in normal production. The most important 
factor in shearing plates to the desired size is the proper 
allowance for shrinkage. The cooling rate of plates de- 
creases as they approach atmospheric temperature, 
consequently, extremely long cooling lines would be re- 
quired to permit plates to cool sufficiently for accurate 
shearing to be done without the necessity for making 
allowance for shrinkage. 

Manual layout of plates for shearing introduces some 
degree of deviation from theoretical accuracy. Me- 
chanical layout machines and calibrated dials integral 
with the shearing equipment reduce the frequency and 
extent of deviations. The fundamental characteristics 
of the shearing equipment itself influence the degree of 
accuracy that can be attained consistently. 

Identification, Inspection and Loading— Except for 
material in the lighter gages or narrower widths, each 
plate is marked by hand-stamping, painting or writing 
with chalk to show the heat number and any other 
nece.ssary identification marks. It also is inspected for 
possible defects. If the order calls for special treatment 
such as annealing or other forms of heat-treatment, 
the plates are sent to the heat-treating department. 
Samples cut from the plates are usually subjected to the 
specified mechanical tests. If the plates meet the re- 
quirements, they then are loaded in railroad cars in 
accordance with standard loading practice. 


SECTION 3 

DESCRIPTIONS OF TYPICAL EXISTING PLATE MILLS 


This section will describe several existing installa- 
tions of plate mills of different types, beginning with 
a description of a three-high plate mill and its auxil- 
iaries. The principle of the three-high mill and its 
advantages over earlier types has already been dis- 
cussed in Section 2, 

THREE-HIGH PLATE MILL 

The IBO-Inch Mill at Gary Works— The 160-inch plate 
mill at Gary Works, Figures 27 — 1 and 27 — 2, is typical 
of the single-stand three-high plate mills currently pro- 
ducing plates in a wide range of sizes. The furnace 
building parallels a conditioning yard which also is the 
delivery end of the primary mills supplying slabs to the 
plate mill. Slabs vary from 2\k to 24 inches in thickness, 
50 to 66 inches in width and 57 to 130 inches in length 
with the weight ranging up to 44,000 pounds. Plates pro- 
duced vary from ^4 to 14 inches in thickness, 48 to 148 
inches in width and up to a maximum length of 720 
inches. The maximum width of 148 inches is confined 
to the 34 * to 2-inch thickness range and is decreased 
progressively with lighter as well as heavier thick- 
nesses. The maximum length of 720 inches is confined 
to the %- to 3-inch thickness range and also progres- 
sively decreases with thicknesses outside of that range. 


A minimum gage of 14 inch rolled to a maximum width 
of 132 inches and a maximum length of 300 inches can 
be rolled satisfactorily for only a short time when roll 
conditions are ideal. A thickness of %e inch is con- 
sidered the minimum gage with rolls in the average 
condition. 

The reheating furnaces are serviced by four 15-ton- 
capacity charging and drawing cranes with revolving 
mast, cage, and peel. The mill is serviced by ton in-and- 
out batch -type furnaces. Five of the furnaces are of the 
regenerative type, fired alternately from each end. 
These furnaces are controlled manually and, under 
continuous mill- operating conditions, develop a maxi- 
mum heating capacity of 10 tons an hour per furnace 
at a fuel rate of 3,440,000 Btu per ton. One furnace, with 
a capacity of 8 tons per hour, is a continuous, recuper- 
ative furnace with a division wall dividing the hearth 
and the furnace into two sections, operating independ- 
ently. The remaining four furnaces are of the recupera- 
tive design with full automatic control. These furnaces 
are divided and operate as two independent sections, 
similar to the furnace previously described. Capacities 
of 12 tons an hour per furnace were developed under 
the same conditions as previously stated, with a fuel 
consumption of 2,190,000 Btu per ton. All furnaces are 
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Fig. 27 — 1. The single-stand, three-high, 160-inch plate mill at Gary Works, showing the lilting tables at the entry and 
delivery sides. 


fired with coke-oven gas as the primary fuel, with oil 
available as an alternate fuel. 

Slabs are drawn from the furnaces and placed on a 
transfer car, which operates on trackage running the 
full length of the furnace building, and delivers the 
slabs to the mill approach table. This table extends 
toward the mill at 90 degrees to the furnace building. 
Thirty table rollers with 24 -inch spacings convey the 
slab to the entry tilting table. Twenty-two table rollers 
with 21 -inch spacings constitute the entry mill table 
which conveys the slab to the mill, and alternately re- 
ceives the stock at the elevation of the top pass and 
re-enters the stock into the mill at the elevation of the 
bottom pass. The delivery mill table is of identical de- 
sign and performs an identical function in addition to 
conveying the plate away from the mill after the final 
pass. 

The top and bottom rolls, made from either grain or 
chill iron, are 44 inches in body diameter, 164 inches 
in body length, 30 inches in neck diameter, and 29 
inches in neck length, and are turned with a % 4 -inch 
crown. Mid ile rolls made from chill iron are of 28-inch 
body diameter, 164-inch body length, 18-inch neck 
diameter, 29-inch neck length, and are turned with 
variable crown from %4 to a maximum of %2 inches. 

The main roll necks are journalled in babbitt bearings 
with bronze inserts, and the middle roll necks are 
jotunalled in brass bearings. All roll-neck bearings are 
lubricated by an automatic forced-feed lubrication sys- 


tem. The top roll is positioned through motor-driven 
.screws and is balanced hydraulically. The middle roll 
is actuated through a leverage system and is balanced 
by counterweights. The middle roll is changed with the 
overhead crane and requires one hour for the operation. 
Main rolls are changed with a buggy-type roll-changing 
device, and a complete roll change requires an eight- 
hour period. 

The main drive is a 7000 -horsepower, 82-r.p.m. motor. 
Power is transmitted through a spindle to the middle 
pinion of a conventional three-pinion stand with pinion 
pitch diameters of 38 and 48 inches. Connecting spindles 
from the top and the bottom pinions transmit the power 
to the top and the bottom rolls. 

Ninety-degree turning of the slab for width exten- 
sion and turning again for resumption of length ex- 
tension is accomplished by the manual operation of a 
large hook hinged on the entry side of the mill housing. 
Salt spread by hand on the slab surfaces in the initial 
passes, followed by high-pressure spray impingement 
in later passes, is the method of scale removal em- 
ployed. Hydraulic pressure is supplied by motor-driven 
centrifugal pumps. Spray nozzles are directed at the 
bottom plate surface on the entry side, and on the top 
surface on the delivery side. 

A 40-roll table conveys the plate from the delivery 
tilting table to the roller leveler. The leveler is a 9-roll 
macl^e with 5 bottom and 4 top rolls of 18-inch 
diameter and 13-foot 10- inch body length. Hie rolls are 
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Fig. 27—2. Schematic layout (not to scale) of the units 
comprising the 160-inch plate mill at Gary Steel Works. 


spaced on 18y4-inch centers, and the top rolls may be 
adjusted individually in a vertical position through a 
selective screw-down assembly mounted on the hous- 
ing. The unit is driven by a 250-horsepower, 750-r.p.m. 
motor reduced through gearing to drive the rolls at 40 
r.p.m., equivalent to a surface speed of 200 feet per 
minute. Hydraulic sprays operating at a pressure of 500 
pounds per square inch on the entry side serve to re- 
move secondary scale as well as to increase the cooling 
rates of heavy plates which are passed back and forth 
through them. 

The plates are delivered from the leveler over a table 
of rollers to a continuing roller table. At a distance of 
approximately 425 feet from the mill center line is the 
beginning of a plate-marking machine which operates 
parallel with the adjacent conveying table. The sheared 
width is inscribed as two parallel lines on the plate. 
The plate lengths are measured off manually, but also 
inscribed on the plate by a transverse motion of the 
machine. 

From the marking machine, the plate is moved to a 
hydraulically operated, down-cut guillotine end shear 
which has a 166-inch opening between the housings. 
The plates are then conveyed to side shears on opposite 
sides of the table. The side shears are similar in con- 
struction and thickness capacity to the end shear, with 
^e exception that these shears can make a cut of 184- 
inch length per stroke. All three shears are equipped 
with magnetic holddowns and auxiliary guillotine 


shears for side- and end-scrap disposal. The side-shear 
tables also are equipped with positioning magnets for 
properly positioning the inscribed lines on the plates 
along the knife edges. Unloading tables and beds on the 
delivery side of the second side shear facilitate the re- 
moval of plates which require further processing in the 
stock building. Plates for direct shipment continue on 
to a transfer which carries them to a table line, which 
in turn conveys them into a shipping building parallel 
with and adjacent to the mill building. The end 125 feet 
of this table consists of four unloading- table sections, 
which have tilting anns that raise and permit the plate 
to slide on skids. A gravity-feed bed is located at the 
end of this building area which permits returning plates 
from the storage area to the shear roller line for fur- 
ther processing. Completely processed plates are moved 
either into designated floor locations for accumulation 
of carload lots or directly into railroad cars. 

Auxiliary processing facilities are located in a stock 
building, at right angles to and adjoining the mill and 
the shipping buildings. A rotary-type, motor-driven 
circle shear is provided for cutting circles ranging from 
24 to 150 inches in diameter in a i/^-inch maximum 
tliickness. A brick-lined, gas-fired, slow-cooling pit is 
provided for retarded cooling of plates when the grade 
and dimensions make this necessary. A gas-fired, car- 
type furnace also is provided for annealing, normalizing, 
stress-relieving, and preheating for flame cutting. This 
furnace has four heating zones, with individual tem- 
perature controls. Two cars of 120-ton load capacity are 
provided in order that one car may be in the process 
of loading or unloading while the other car is in the fur- 
nace. A total of eight burning beds, three of which arc 
equipped with two gantry cranes each, auxiliary equip- 
ment for flame cutting, and high-frequency electric 
hand-grinder.s constitute some of the additional avail- 
able auxiliary processing equipment. 

FOUR-HIGH REVERSING PLATE MILL 

Homestead District Works 160-Inch Four-High Mill — 
The 160-inch mill at Homestead District Works, Figure 
27 — 3, has a cold -slab storage yard parallel and adjacent 
to the slab-conditioning yards of the 45-inch slabbing 
mill. The gross area of 51,700 square feet provides am- 
ple storage area for stocking approximately 15,000 tons 
of slabs in accordance with a predetermined rolling se- 
quence. Six gas-fired preheating pits are located in this 
yard; each has a capacity of approximately 10 slabs (50 
tons) and is capable of heating cold steel to a tempera- 
ture of 1200 * F in 24 hours. Three gas-fired pre-heating 
hoods, each with a capacity of approximately 120 tons, 
can heat cold steel to a temperature of 1600 ® F in 24 
hours. Slabs are transferred to the reheating-fumace 
areas by two standard-gage shuttle-car transfers, 
powered by 25-ton, Diesel- electric locomotives. 

The slab-heating equipment consists of two continu- 
ous-type furnaces and two batch or in-and-out type 
furnaces. The batch-type furnaces are designed to heat 
slabs of a maximum size of 144 inches long by 20% 
inches thick. They are two-zone-controlled, end-fired, 
recuperative-type furnaces with an effective hearth 
area of 12 feet by 46 feet. They are designed to operate 
on a mixture of coke-oven and natural gas and have a 
rated heating capacity of 15 tons per hour from cold to 
2250 ® F. Each furnace is provided with two doors com- 
posed of three sections without jambs, and each sec- 
tion may be operated independently. Either half of the 
furnace front may be opened with no obstruction other 
than the center jamb. These furnaces are served by a 
20-ton, stiff-legged, 3-swivel charging crane wldch 
charges the cold slabs from the transfer car into the 




510 


THE MAKING, SHAPING AND TREATING OF STEEL 



Fzq. 27—3. Diagram (not to scale) of the physical layout 
of equipment comprising the IGO-inch plate mill at 
Homestead District Works. 


furnace and draws the heated slabs and delivers them 
on to the furnace delivery table. 

llie continuous-type furnaces are designed to heat 
slabs from 3 to 12 inches thick, 44 to 60 inches wide and 
70 to 120 inches long. They are conventional two-zone- 
controlled, triple-fired, end-charged-and-discharged, 
recuperative-type furnaces and have an effective heat- 
ing length of 80 feet and width of 23 feet. The top and 
the bottom burners of the primary heating zone are de- 
signed to bum a mixture of coke-oven and natural gas 
as a primary fuel and also can bum fuel oil as an 
alternate fuel. Only the gas mixture is burned in the 
hold^ zone. The heating capacity of each furnace is 
approximately 70 tons per hour from cold to 2250* F 
with full hea]^ coverage. 

The continuous furnaces are served by a 30-ton elec- 
tric overhead traveling crane which takes the slabs from 
the transfer cars by magnet or idab-handling tongs, and 


places them on the furnace charging table. The slabs 
are fed through the furnaces by double rack-type push- 
ers arranged to feed two rows of slabs throiigh each 
furnace (Figure 27 — 4). Slabs are discharged from the 
delivery end, and slide down the furnace dropout skids 
to the furnace delivery table against spring-backed 
bumpers. 

Heated slabs are conveyed on a roller table from the 
furnaces to a scalebreaker stand (Figure 27 — 5) which 
is a two-high mill with fluted alloy-steel rolls of 36- 
inch body diameter, 70-inch length, operating in water- 
lubricated composition bearings. Additional lubrication 
is provided by shots of water-soluble oil at 20-minute 
intervals timed by an automatic timing device. 

The top roll is balanced by carrier bars supported 
from a yoke which is actuated by hydraulic jaclbi and 
accumulator to hold the top roll against the housing 
screw. The screws are operated by 50-horsepower 
motors through worm reduction gearing at a lineal 
vertical speed of 11 inches per minute. The rolls are 
changed at approximately one-month intervals under 
normal operating conditions. Approximately four hours 
are required to make the roll change with the use of 
a hook and an overhead crane. 

The mill is driven by a 1600-horsepower, 375-r.p.m. 
motor. Power is transmitted through a 15.68-to-l 
double-reduction flywheel gear drive, a universal lead- 
ing spindle, mill pinions and universal mill spindles, re- 
sulting in a lineal roll speed of 295.6 feet per minute. 
A meter in the pulpit gives the operator a reading of 
the opening between rolls at all times. Drafts of Ms inch 
may be taken on this stand, and the passage of the slab 
is guided to and from the mill by twin adjustable side- 
guides. Primary descaling is completed on the delivery 
side of the mill as the slab is passed through top and 
bottom hydraulic sprays operating at a pressure of 1,500 
pounds per square inch. 

The 160-inch reversing-mill stand (Figure 27 — 6) is 
separated from the scale breaker by a distance of 160 
feet, spanned by 40 feet of 72-inch-wide table and 120 
feet of 168-inch-wide table. All table rollers in this mill 
are journalled in antifriction bearings. A lift-and-tum 
table device is located on the reversing-mill side of the 
junction between the narrow and the wide table sec- 
tions. The turntable is elevated and lowered by oil- 
hydraulic pressure and turned by a motor-operated 
rack and pinion. This permits either straightaway or 
broadside slab entry into the reversing mill. When 
spreading is required in the first pass, the slab may 
be entered following the preceding plate without a 
turning delay. 

The crowned (0.024-inch maximum) alloy-iron work 
rolls of the four-high reversing stand have a body 
diameter of 38 inches, a body length of 160 inches, a 
neck diameter of 26.991 inches, and a neck length of 
39 inches. The necks are fitted into the inner races of 
four-row tapered roller bearings. The alloy-steel 
backup rolls have a 59-inch body diameter, a 154-inch 
body length, a 33-inch neck diameter, and a 52-inch 
neck length. The roll necks operate in oil-film bearings 
at 17-pounds-per-square-inch oil pressure, through 
which the roll-separating force is transmitted. Thrust 
is taken by two-row steep-angle tapered thrust bear- 
ings. The top rolls are balanced by hydraulic jacks 
mounted in the bottom backup chucks, with the hy- 
draulic system operating at 3700 pounds per square 
inch. An automatic forced-feed lubricating system is 
connected with all wearing surfaces on the mill other 
than the oil-film bearings. 

Three sets of work rolls are used in the course of a 
normal weekly rolling schedule. Approximately one 
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Fig. 27—4. General view 
of the charging end of 
continuous-type reheat- 
ing furnaces supplying 
hot .slabs to the 160-inch 
plate mill at Homestead, 
DLstrict Works. 


Fig. 2T— 5. Close-up view 
of the scalebreaker 
stand of the 160-inch 
plate mill at Homestead 
District Works. 
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Fig. 27—6. The 160-inch 
reversing mill stand of 
the 160-inch plate mill 
at Homestead District 
Works, idiowing pow- 
ered side guards for 
squaring and centering 
slabs and holding plates 
during the rolling op- 
eration. 



hour is required for a work-roll change, which is ac- 
complished by an overhead crane-suspended “C” hook, 
equipped with a motor-driven shifting device that 
positions the hook suspension over the center of gravity 
of the unloaded or loaded hook. The average time be- 
tween complete roll changes, including the backup rolls, 
is three weeks. The complete roll change requires ap- 
proximately ten hours, with the backup rolls being 
moved in and out of the mill on a motor-driven slide. 

The main mill drive consists of two 5000-horsepower, 
DC, reversing motors, each directly connected to a work 
roll through universal spindles 36 feet long. The motor 
speed range is from 40 to 80 r.p.m., which provides a 
roll surface speed of 400 to 800 feet per minute. The 
mill screws are operated by two 150-horsepower mill- 
type motors, supplied by a variable-voltage motor- 
generator set. A 13-pass, 2-schedule, pre-set, automatic 
screw-down control, with optional manual control, is 
provided for this mill. Provision is made to set up 
one schedule while another is being run. The control 
is operated by the screw-down operator, who also re- 
verses the mill drive and who can make manual adjust- 
ments to the screw settings by interrupting any auto- 
matic setting without affecting the accuracy of the 
following automatic stop. The mill is capable of produc- 
ing the minimum gage of inch to sheared widths of 
120 inches. Auxiliary facility limitations restrict the 
sheared-plate gages to a %0 to li/^-inch range, widths 
to a 38% to 144-inch range and lengths to a 720-inch 
maximum. Flame-cut plates range from V/z to 15-inch 
thickness and a maximum of 144 and 480 inches in 
width and length, respectively. 

The front and the rear mill tables are 33 feet long 
and have tapered table rollers with a taper of 1 inch 
in 14 feet. Even-numbered rollers all are tapered in 
the same direction and driven as a unit. Odd-numbered 
rollers are tapered in the opposite direction and also 
are driven as a unit. By rotating the alternate roller 
units in opposite directions, it is possible to turn a slab 
90 degrees as desired. Heavy, powered side-guards are 
on each side of the mill for squaring and centering the 
slabs and holding the plates during the rolling opera- 


tion. Hydraulic sprays on both sides of the mill, operat- 
ing at a pressure of 1400 pounds per square inch, arc 
utilized for top and bottom secondary scale removal. 

The remainder of the 216-foot distance between the 
center line of the four-high mill and the levelcr is 
occupied by a conveying table. Top and bottom water 
sprays span 180 feet of this distance to facilitate the 
cooling of heavier-gaged plates prior to leveler entry 
and to retard secondary scale formation. A section of 
the table on each side of the leveler is designed to per- 
mit plate removal by a hook suspended from an 
overhead crane. The plates may be transferred to either 
one of two motor-driven transfer cars and subsequently 
transferred to the cooling area of the adjacent flame- 
cutting building or to the controlled-cooling facilities 
located in the shipping yard. 

The leveler has two 16-inch diameter by 160-inch 
long entry pinch rolls and 6 top and 5 bottom 13-inch 
diameter by 160-inch long bending rolls. The machine 
is driven by a 250-horsepower, 400 r.p.m. motor, and 
positioning is accomplished through a selective screw- 
down assembly which is equipped with drum indicators 
located at all four comers of the leveler housing. The 
leveler can level structural-grade plates of 1%-inch 
thickness and can be raised to a maximum passage 
opening of 6 inches. 

One hundred forty feet of the 275-foot distance from 
the leveler to a transfer stop is part of a chain-transfer 
cooling bed. This grid-type bed spans a distance of 
120 feet and delivers the plates from the mill building 
onto a 292-foot disc-roller marking table located in 
the shear building. A motor-propelled automatic meas- 
uring and marking machine traverses a 140-foot dis- 
tance parallel with this table. Indexed longitudinal and 
transverse movements enable the operator to measure 
and mark off mechanically any desired size and shape 
of a rectangular plate, and scribe a reference line which 
is used by the side-shear operator in the trimming of 
the side scrap. Beyond the marking machine, all re- 
quired identification stamping and painting of the plates 
and test coupons are performed maniially prior to entry 
in the crop shear. 
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The down-cut guillotine crop shear with knife blades 
160 inches long and a knife rake of % inch per foot is 
capable, in common with the main line shear \mits, of 
cutting 1%-inch gage to the maximum width produced. 
Powered mechanical manipulators are available for the 
square positioning of the plate. Oil hydraulic hold-down 
gags operating at 1700 pounds per square inch furnish 
positive clamping for the shearing stroke. The shear 
operates on the oil-hydraulic principle at pressures of 
7000 to 9000 pounds per square inch, and has a self- 
contained pump with motor drive. The crop shear is 
used for dividing plates that are too long to pass over a 
second transfer, and for front-end shearing of heavy, 
wide plates, which must be free of shear bow. 

Plates from the crop shear are delivered either to an- 
other chain transfer or to a 40-foot table section beyond 
the transfer, which is equipped with roll-off lifting 
arms and a side piling bed. This run-off and piling bed 
is utilized to divert flame-cul plates of such size and 
composition that will permit their conveyance to this 
point without the necessity of slow-cooling cycles. 
Plates to be finish-sheared are moved across the trans- 
fer to the transfer run-out tables, which double back 
through the shear building and are parallel to the 
marking line. 

The main shear line consists of two side shears and 
one end shear. These shears arc similar in design and 
construction to the crop shear, with the exception that 
the side shears have knives 180 inches in length. The 
side shears are staggered on either side of the table and 
are 78 feet apart. The side crop is sheared at the first 
side shear by positioning the plates to the reference line. 
A series of electromagnets with hydraulic vertical mo- 
tion and screw drive transverse motion are utilized to 
position the plate so that the reference line is matched 
with a positioning line on the shear block. A mechanical 
width-gage guide is provided at the second side shear, 
which facilitates the positioning of the plate by work- 
ing against the finished sheared edge; and its position 
in relation to the shear knife is recorded on a dial lo- 
cated on the shear housing. The end shear, located 84 
feet from the second side shear, is a duplicate of the 
crop shear and is equipped with squaring pushers lo- 
cated on the entry side, and two motorized gage stops 
on the delivery side, which gage plates mechanically to 
predetermined lengths. One stop is used for short and 
the other for long lengths in the 60- to 720-inch sheared- 
length range. 

The crop and end shear equipment consists of 150- 
horsepower motor-driven guillotine-type scrap shears 
capable of cutting a 33-square-inch cross-sectional area. 
A butterfly chute arrangement diverts test coupons, 
“block sheared,” to a test box in which they are 
periodically delivered to a test- cutting shear for final 
handling. The test-cutting shear is also a motor-driven 
guillotine-type shear with a capacity of 27 square inches 
of cross-sectional area. The side shears are provided 
with 75-horsepower motor-driven alligator-type scrap 
shears with a capacity of 30 square inches of cross- 
sectional area. Side scrap is fed to the scrap shears by 
conveyors located below the table level, and the cut 
scrap is guided to removal buckets through gravity 
chutes. 

Plates are delivered from the end shear to a 720-inch 
scale table, where they are weighed individually. They 
then proceed to a table section spanned by two trans- 
verse, selective, electromagnetic-tsrpe piling cranes. 
One crane can handle a 360-inch plate length, and the 
two cranes working together can handle a 720-inch 
plate length. Lifting force of the magnets can be regu- 
lated at will to provide a wide range in the lift combi- 


nations. The cranes transfer the plates into the shipping 
building and deposit and pile them on gravity conveyor 
tables. The piles are moved by a conveyor-chain dog 
into positions from which they can be picked up by the 
overhead shipping cranes. 

The shipping building is 310 feet wide by 1,100 feet 
long and is equipped with a shipping track extending 
its entire length. A connecting spur track of an 8-car 
capacity is located in an adjoining lean-to section of 
the building. This track is not serviced by overhead 
cranes and is used for preparing cars which require 
special blocking, either prior to or after loading. The 
shipping building is serviced by four 30-ton electric 
overhead traveling cranes of the double-hoist type. This 
building also is equipped with controlled-cooling hoods. 
Two additional inlets into this yard, other tlian the 
piling cranes just mentioned, are provided in the form 
of motor-driven transfer cars located at the extreme 
ends of the building. One car delivers directly from the 
mill building, and the other car delivers from the flame- 
cutting unit located in the end of the shear building. 

The flame-cutting unit, located at the end of the shear 
building, is equipped with a flame planer, three panto- 
graphs, and sketch-cutting machines. The flame planer 
is designed primarily for side and end trimming as well 
as splitting rectangular-shaped plates. The pantograph 
machines are designed primarily for intricate shape 
cutting, although they can be used efficiently for cutting 
rectangular shapes. Magnetic tracing mechanisms, 
traveling over templates or operated manually over 
sketch drawings, guide the torch through the course 
desired. 

Another flame-cutting unit is located in a building 
parallel and adjacent to the mill building. A continua- 
tion of this building merges with the end of the con- 
tinuous-furnace building, and the two 30-ton cranes 
servicing this unit operate on a common runway with 
the crane servicing the continuous furnaces. This unit 
is equipped with three pantograph sketch- cutting ma- 
chines, two large heat-treating ovens, and a heat- 
treating pit. The heat-treating facilities are used 
extensively in preheating, stress-relieving, normalizing 
and the controlled cooling of flame-cut products requir- 
ing these treatments. The heat-treating ovens also can 
be used for preheating slabs prior to charging in the 
slab-heating furnaces when such practice is necessary. 
Cooling skids are provided in this area for heavy-gage 
plates which are transferred hot from the mill by a 
200-ton transfer car previously mentioned. 

The greasing system for all table bearings, spindles, 
spindle carriers, jacks, slide joints, etc., is of the auto- 
matic “single-line” reversing type and contains eleven 
major pumping units. 

Oil lubrication for the majority of the equipment, 
such as table line shafts, gears and bearings, leveler 
drives, screw-down drives, reduction gears, pinions, 
backup-roll bearings, and motor-room equipment, is 
accomplished by circulating systems of the single- and 
double-tank types. 

SEMI-CONTINUOUS PLATE MILL 

The 100-Inch Semi -Continuous Plate Mill at Home- 
stead District Works — The 100-inch semi -continuous 
plate mill at Homestead District Works (Figures 27—7 
and 27 — 8) has a slab-storage yard with an area of 

66.000 square feet, having a slab-storage capacity of 

18.000 tons stocked in rolling sequence. It adjoins two 
buildings of corresponding dimensions and area in 
which slabs produced by the 45-inch slabbing mill are 
cooled and conditioned. Two gas-fired, insulated, fabri- 
cated-steel preheaters, each having a capacity of 70 
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Fig. 27—7. General view 
of the 100-inch seml- 
continuous plate mill at 
the Homestead District 
Works. 


tons, are located in this yard. Slabs are placed in lifts 
on a yard table which delivers them to a magazine 
feeder located in the slab-storage yard which serves as 
an intermediate imit between the yard and the furnace 
tables. These tables, as well as all others in this mill, 
are equipped with anti-friction bearings. 

The feeder raises each pile of slabs to the level of the 
furnace charging table and discharges them one at a 
time onto the furnace table by an endless chain pusher. 
The slabs then are positioned in front of the furnace 
doors for charging by two pushers which can be oper- 
ated independently or in imison for each furnace. The 
mill is served by four conventional, continuous, triple- 
zoned furnaces with non-metallic recuperators. The 
furnaces have an effective heating length of 76 feet, 
10 inches. A mixture of natural and coke-oven gas is 
the primary fuel, although fuel oil can be burned as an 
alternate. The furnaces are equipped with combustion 
and temperature controls. They have heated, on a con- 
tinuous basis, 68 tons an hour per furnace from cold to 
2250 ® F. Slabs charged vary from 24 inches to 60 inches 
in width, ZVa inches to 12 inches in thickness, and 65 
inches to 92 inches in length. 

The slabs slide down the furnace dropout against in- 
clined spring-loaded bumpers or an improved shockless 
bumper onto the furnace tables. A skew table with 
movable side guards permits straightaway entry or may 
be used as a turnaround for broadside entry to the 
scale breaker. This is a two-high stand with smooth 
rolls, each having a 36-inch diameter body, 100 inches 
in length, with 2378 -inch neck diameter by 26%-inch 
neck length, operating in bronze-insert babbitt bearings. 
The mill is driven by a 1000-horsepower, 500-r.p.m. 
motor, transmitting power through a 24.4-to-l ratio re- 
duction gear and conventional pinion stand. Top and 
bottom descaling sprays operating at 1000 poimds per 
square inch are located at the delivery side of the scale 
breaker and at the entry sides of the reversing rougher 
and the first finisher. 

The distance between scale-breaker and broadside 
stand is spanned by a conventional roller table into 
which is incorporated an electrically-operated lift-and- 
tum platen at the broadside entry. The broadside mill 
is a four-high nonreversing stand. Work rolls are of 
42-inch body diameter, 120-inch body length, 30-inch 


END SHEARS 
ROTARY SHEAR 
NO 2 SHEAR LINE^ 



NO I SHEAR LINE 


END SHEAR 


CONTINUOUS FURNACE 

SCALE BREAKER 
36" X 100" ROLLS 

BROADSIDE MILL 
WORK ROLLS 42"XI2tf' 
BACK-UP ROLLS 52"XI20r 
SLAB SQUEEZER 
EDGING MILL 

REV ROUGHING MILL . 
WORK ROLLS 3GXI2Cr 
BACK-UP ROLLS 54"XI20r 


FINISHING MILL 
WORK ROLLS 27"XI0tf 
BACK-UP ROLLS WXIOOT 


CIRCLE SHEAR 
SQUARING SHEAR 
CROP SHEAR 
LIGHT LEVELER 

ROTARY SHEAR 
SIDE SHEAR 

END SHEAR 

LEVELERS 

NO. 4 SHEAR LINE 


END SHEARS 
NO. 3 SHEAR LINE 


Fig. £7—8. Schematic arrangement (not to scale) of 
the production units comprising the 100-inch semi- 
continuous plate mill at Homestead District Works. 
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neck diameter, and 34-inch neck length. Backup rolls 
have a 52-inch body diameter, 120-inch body length, 
36-inch neck diameter, and 44%-inch neck length. Both 
work and backup rolls operate in bronze-insert babbitt 
bearings. The mill is driven by a 4500 -horsepower, 370- 
r.p.m., AC motor, transmitting power through a 22-to-l 
gear ratio and conventional pinions to give a lineal 
speed of 185 feet per minute at the work-roll face. Mov- 
able side guards on tlie entry side permit centering of 
the slab. Pushers on entry and delivery sides facilitate 
entry and return for another spreading pass if required. 

A duplicate of the turn-around on the entry side is 
located on the delivery side in the table leading to the 
slab squeezer. The squeezer is a two-ram width-sizing 
machine located 30 feet from the broadside stand. The 
rams are supported above the mill table rollers and are 
positioned for the squeezing stroke in conformance with 
the plate widths being rolled. Forging power is supplied 
by a 500-horsepower, .500-r.p.m. motor, transmitted 
through gearing and mechanical linkage to actuate the 
forging rams. A hydraulic hold-down prevents bowing 
of the slab as the edges are subjected to the squeezing 
action. 

The four-high reversing roughing mill is located 154 
feet, 9 inches from the squeezer. On the entry side of 
this mill are movable side guards which guide the slab 
into a vertical edging mill. The vertical rolls have a 40- 
inch diameter and an 11 -inch face with a 5-degree 
downward taper. They are driven by a 600-horsepower, 
125 to 406-r.p.m., variable -speed motor. The work rolls 
of the reversing rougher are of 36-inch body diameter, 
120-inch body length, 0.008-inch crown, 24-inch neck 
diameter, and 21^/^-inch neck length. The backup rolls 
are of 54-inch body diameter, 120-inch body length, 
31-inch neck diameter, and 32^Mc-inch neck length. The 
mill is connected directly through mill pinions to a 7000- 
horsepower, 40 to 80-r.p.m., variable-speed motor which 
provides a lineal speed range at the work-roll face of 
376-752 feet per minute. Both work and backup rolls 
operate in anti-friction roller bearings. Heavy ram-type 
guides on entry and delivery sides and a turn -around 
on the delivery side permit the finish rolling of plates 
wider than could be finished through the continuous 
stands. 

The first of four, four-high, continuous finishing 
stands is located 172 feet from the reversing rougher. 
The four finishing-mill stands are exact duplicates of 
each other. The work rolLs are of 27-inch body diameter, 
100-inch body length with crowns varying from 0.004 
inch to 0.008 inch, 20-inch neck diameter and 15-inch 
neck length. Backup rolls are of 54 -inch diameter, 100- 
inch body length, 31 -inch neck diameter and 32^46- 
inch neck length. Both work and backup rolls operate 
in anti-friction roller bearings. The fini.shing stands 
designated as No. 4 to No. 7 are each driven by a 5000- 
horsepower motor. No. 4 to No. 6 stands have a speed 
range of 110-250 r.p.m. and No. 7 has a speed range of 
125-265 r.p.m. Reducing-gear ratios for No. 4 to No. 7 
are, respectively, 2.32, 1.77, 1.46 and 1.35. Corresponding 
lineal speed ranges at the work-roll faces are: 333-760, 
440-1000, 530-1200 and 655-1386 feet per minute. Pull- 
back chutes with a variable opening up to a 100-inch 
maximum guide the rolled plate through the individual 
stands. Steam top-side blow-offs are provided between 
stands in addition to the hydraulic sprays at No. 4-stand 
entry. 

The scale-breaker top roll and the top work and 
backup roll of all the other stands are balanced by 
hydraulic jacks and accumulators. Overhead cranes 
and counter-balances are used to change scale-breaker 
rolls and the work rolls of the broadside and the finish- 


ing stands. A roll-changing rig is used to change the 
reversing-rougher work rolls, and the broadside, the 
reversing-rougher, and the finishing-stand backup 
rolls. 

The first 60 feet of the 280-foot run-out table is 
equipped with a series of cooling sprays. The far por- 
tion of the table is a part of a transfer, over the cooling 
grids of which the plates are moved laterally by a rope- 
and-carriage transfer 162 feet long and 18 feet wide. 
Located immediately beyond the transfer is the light 
leveler with 17 bending rolls of 8-inch diameter and 
108-inch length. A cooling table with individually- 
driven disk rollers spans the 310-fool distance between 
the light and the heavy Icvelers. The heavy leveler is 
an 11 -bending-roll machine with 12-inch-diameter rolls 
108 inches long. After leveling, the plates may progress 
through either one of two alternate routes, to the No. 3 
shear unit or toward the rotary-shear line. 

Shear Units— The No. 3 shear unit consists of two 
similar shear lines, each one of which is a continuation 
of the dual transfer table. Each line consists of a shear 
approach table, a %-mch by 100-inch motor-driven 
guillotine shear, a powered gage and gage table, and a 
“kick-off’* table with a 60-foot stacking bed. A guillo- 
tine scrap shear of 16-square-inch capacity serves both 
end shears. 

As all the kick-off tables and the stacking beds in 
this mill are of similar design, a brief description of 
one will suffice for all. The kick-off mechanism consists 
of a series of arms which, during a plate delivery from 
the shear, are positioned between and below the table 
rollers. The arms are of a double-bar design with small 
idler rollers free to rotate in the space between the 
bars. The stacking-bed ends of the arms are keyed to 
a pivot shaft which, on being rotated through a partial 
arc, will lift the arms correspondingly through a partial 
arc and permit the plates to slide down along the idler 
rollers. 

The stacking beds consist essentially of a series of 
double beams between which movable stops may be 
shifted and secured in a position to correspond with 
the widths of plates to be received. A series of beams 
spanning about 20 feet is fastened to a bed frame and 
constitutes a stacking-bed section. The sections can be 
raised individually or in imison to receive the first 
plate of a stack and arc then lowered in consecutive 
increments as the stack is built up. The stacks are re- 
moved from the beds by overhead cranes equipped with 
sheet carriers or spreaders. 

The No. 3 shear unit is utilized for cutting sheet and 
light plate gages up to % inch. The mill is capable of 
rolling material to thicknesses of approximately 0.10- 
inch minimum, 72 inches wide. The sheets and the plates 
sheared on the No. 3 unit generally are cut into mul- 
tiples of the ordered lengths in order to keep ahead of 
the mill rolling rates. The mill has rolled a maximum 
of 2,137 tons in an 8-hour period. The multiple- length, 
side-untrimmed sheets and plates are transferred to 
the No. 4 shear unit by a 70-ton transfer car or by 
placing them on a gravity-feed table, which moves 
them under a magnetic depiler. 

The No. 4 shear unit is housed in a building adjacent 
to and parallel with the mill building on the motor- 
room side. Two gravity conveyor tables, one located 
in the shear building and one in the mill building, move 
the stacks under a magnetic depiler. The stacks are 
depiled, and the plates are placed singly on the ap- 
proach table of a backed-up roller leveler. The leveler 
has two 12-mch-diameter by 108-inch pinch rolls, nine 
8-inch-diameter by 108-mch bending rolls and eleven 
8V^-inch diameter by 30-inch backup rolls. A marking 



516 


THE MAKING, SHAPING AND TREATING OF STEEL 


mechanism attached to the delivery side of the leveler 
scribes the ordered width on the plates. 

The plates progress from the leveler to a %-inch by 
125-inch end shear equipped with a powered gage 
which can be set in the range of 48 inches to 510 inches. 
Delivery from the shear gage table is made to the caster 
bed of a left-hand %-inch by 144-inch side-trimming 
shear and from there to the caster bed of a right-hand 
shear of otherwise identical design. A scale table and a 
kick-off table with a 60-foot stacking bed complete the 
main shear line. 

Beyond the main shear line are located one i/^-inch 
by 144-inch squaring shears and a circle shear serviced 
by gravity conveyors and a jib hoist. The circle shear 
has a 9-inch diameter by 2 V 2 -inch upper cutter and a 
4 ‘/ 2 -inch diameter by 2%-inch, 45 degree-bevel lower 
cutter. It can cut 8-inch to 96-inch diameter circles 
from % 2 -hich to %-inch, 0.30-carbon steel at a cutting 
speed of 50 to 100 feet per minute. A %-inch by 30-inch 
guillotine scrap shear serves both the resquaring and 
the circle shears, and a similar shear serves each of the 
side shears. 

Rotary Shear Line— No. 1 Shear Unit— Heavicr-gage 
plates, after moving across the dual transfer, continue 
their travel in a reverse direction to the mill rolling 
direction, over spool-type marking and inspection 
tables toward a %-inch by 100-inch crop shear. The 
distance traveled by a plate from the finishing stand 
to this crop shear is approximately 1,200 feet. The plates 
are cropped and are divided into multiples of the 
ordered lengths at this point and progress to a 123-foot 
by 41 -foot roller-chain lift transfer located immediately 
beyond the shear. Required painting and stamping 
identifications are applied as the plates travel over this 
transfer. 

Sketch plates and other plates which are beyond the 
capacity of the rotary shear are diverted from the 
delivery side of the transfer by a table extension and 
stacking beds. They are moved by overhead crane and 
transfer car to the No. 2 shear unit for cutting. Plates 
within the capacity of the rotary shear resume travel 
in the rolling direction toward that unit. 

The rotary-shear approach table is equipped with 
magnetic manipulators to position the plates for the 
shear entry. The shear is a double-rotary, side- 
trimming shear driven by a 300-horsepower motor. The 
top knives are 15-inches in diameter by 2 inches thick, 
the bottom knives are 60-inches in diameter by 2V^ 
inches thick, and the scrap cutters are 12 inches by 
3% inches by 1% inches. Scrap from each side is guided 
from the main cutters through chutes to the scrap 
cutters located below the large knives. The scrap is 
cut by a rotary, eccentric motion and is dropped 
through chutes into disposal buckets. The shear has a 
capacity for cutting 20-inch to 90-inch widths, % 2 -inch 
to %-inch gage, of 0.30-carbon material at a cutting 
speed of 79 to 237 feet per minute. The cutters may be 
set to Mc-inch increments within the width range. 

The trimmed plate may be sent to either one of two 
end shears for final cutting to ordered length. The near 
or No. 2 end shear, located in the shipping building, is 
readied by traversing a 127-foot by 27-foot rope-and- 
carriage transfer located immediately beyond the 
rotary-shear delivery table. The far or No. 3 end shear 
approach table is immediately beyond the transfer re- 
ferred to, and is reached by direct, continuous travel 
from the rotary shear. Both diears can handle material 
%-lnch thick by 100 inches wide, and each is driven 
by a 150-horsepower motor. They are followed by gage 
tables equipped with motor-operated, tilting, and trav- 
eling plate stop-gages with a 48-inch to 720-inch travel 


range from the knife edge. The gage carriage travel 
speed is 50 feet per minute. Each end shear is serviced 
by a %-inch by 20-inch guillotine scrap shear with a 
15-square-inch cutting capacity. 

The sheared plates from the No. 3 end shear are 
transferred into the shipping building by a 74-foot by 
27-foot roller chain lift transfer. Travel direction is 
reversed to move over a scale table with an automatic 
weight-recording device and continue on to a 110-foot 
kick-off table and stacking bed. Plates from No. 2 end 
shear travel over a similar scale table and on to a 150- 
foot kick-off table and stacking bed. The kick-off table 
connects with the conveyor feed table of the continuous 
normalizing furnace. The shipping building in which 
the stacking beds are located is a 90 -foot by 1,540-foot 
structure with a net shipping space of 60,000 square feet. 

Continuous Normalizing Furnace-Plates to be heat 
treated in the normalizing furnace arc placed in stacks 
on a gravity feed table which moves them \mder an 
unpiler. The unpiler is a motor-driven traverse bridge 
and hoist with five selective magnetic lifters having a 
total capacity of ten tons. It operates on a structural 
framework runway, 35 feet long with a 40-foot span. 
The runway extends over a 75-foot, pipe-roller, roller - 
bearing, gravity conveying table which also connects 
the No. 1 shear line kick-off table with the normalizing 
furnace. 

The furnace is of the straight conveyor t 5 rpe, divided 
into five zones. All zones, with the exception of the 
entrance or heating zone, are equipped for recirculation 
to improve temperature uniformity. There is an alloy 
baffle between the heating and the recirculating zones. 
The furnace is 130 feet long, 9 feet wide, and the roof 
is 2 feet 10 inches above the conveyor. The conveyor 
consists of 5 .sprocket-driven chains with vertical flights. 
A variable speed range with a maximum of 75 feet 
per minute is provided. Pressure burners for all zones, 
burning a mixture of coke-oven and natural gas, with 
temperature and fuel-air ratio controls, provide the 
heat input. A stack at each end of the furnace provides 
natural draft. 

Plates emerging from the furnace may be quenched 
in a 20-foot quenching hood prior to leveler entry. 
The backed-up leveler is a duplicate of the one de- 
scribed in the No. 4 shear unit. Plates from the leveler 
traverse an 80-foot by 28-foot cooling bed and are 
stacked in conventional stacking beds at the far side 
of the traverse. 

No. 2 Shear Unit — ^The No. 2 shear unit has two main 
shear lines, consisting of a rotary shear line housed 
entirely in the 80-foot by 860-foot shear building, and 
the sketch shear line, which has the feeding table and 
two shears in the shear building and one shear, scale 
table, and stacking beds in the No. 2 shipping building. 
The No. 2 shipping building, adjacent to and parallel 
with the No. 1 shipping building, is an 80-foot by 1,136- 
foot structure with a net shipping space of 55,000 square 
feet. 

The sketch shear line, as its designation implies, is 
used to shear irregularly shaped plates. It also is uti- 
lized to shear structural-grade, rectangular plates 
heavier than %-inch gage, and alloy plates of thinner 
gage which, because of composition, are beyond the 
cutting capacity of the No. 1 shear line. Such plates 
are diverted from the No. 1 shear line beyond the No. 2 
transfer and moved to the No. 2 shear unit by transfer 
car, as previously described. 

Plate stacks for the sketch shear line are placed on 
a 90-foot gravity feed table by an overhead crane. An 
overhead, selective, magnetic unpiler puts the plates 
singly on a marking and layout, five-chain conveyor 
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table, 140 feet long. Both sketch and rectangular plates 
are laid out manually on this table. The first shearing 
unit in the line, a IVz-inch by 110-inch end shear, cuts 
the plates to length. The plates may be timied 180 
degrees on the caster beds immediately beyond and 
returned, if necessary, to have both ends front-end cut 
for the elimination of shear bow. A continued, manually 
propelled movement of 55 feet over caster beds brings 
the plate to a 1%-inch by 144-inch side shear for edge 
trimming. A lateral movement of 44 feet into the ship- 
ping building brings tlie plate to an opposite hand but 
otherwise identical shear for the trimming of the op- 
posite edge. Further manual propulsion opposite to 
the original travel direction moves the plate back to 
powered traction on a 35-foot scale table and a 60-foot 
kick-off table and stacking beds. Two scrap shears 
serve the three major shearing units in this line. 

When the mill rolling rate on %-inch to ^-inch gage 
plates exceeds the capacity of the No. 1 .shear line, the 
excess multiple-length plates are diverted at the same 
point and are transferred to the No. 2 shear unit in 
the same manner as sketch plates. The plates are .spread 
on a 160-foot chain-conveyor marking table and move 
over an approach table to a double-rotary side- 
trimming shear. In general design features, the shear 
is similar to the one in the No. 1 shear line. Shear- 
knife diameters are 14 inches and 58 inches for top and 
bottom, respectively. The capacity ranges from 30 
inches to 96 inches in width and %2 inch to % inch 
in gage at a cutting speed of 50 feet per minute. The 
scrap cutters arc of the revolving- drum type. A dupli- 
cate of the end shear in the sketch shear line is located 
71 feet from the rotary shear. It is followed by a 60-foot 
back shear table, a 30-foot scale table and a 60-foot 
kick-off table with stacking beds. A guillotine scrap 
shear of 32V2-squarc-inch capacity serves the end shear. 

Auxiliary shearing equipment in No. 2 shear unit 
consists of a resquaring shear, a circle shear, and a tc.st- 
cutting shear. The squaring shear is a %-inch by 144- 
inch, motor-driven unit. The circle shear, driven by a 
110-horsepower motor, has a capacity ranging from 
20-inch to 150-inch diameter, %n-inch to lV4“inch gage, 
in structural grades at a cutting speed of 56 feet per 
minute. Both top and bottom knives are 16 Mj inches in 
diameter and 2 inches thick. The guillotine-type test- 
cutting shear ha.s a capacity of 16 square inches, equiv- 
alent to cutting 20-inch by i%c-inch thick plates. 

An individual plate inspection unit is made available 
by feeding from the shear building and repiling in the 
.shipping building. It includes two parallel sections of 
gravity table for plate entry and two parallel sections 
for plate delivery. Each section is 90 feet long with 
pipe rollers operating in roller bearings. Located be- 
tween the gravity table lines is a motor-driven roller 
table over which individual plates are moved and are 
tilted for inspection by eight lifting arms to an angle 
of 75 degrees. The unit is served by one unpiling unit 
and one piling unit. Each traverse and hoist, with five 
selective magnetic lifters, operates on a structural 
framework 40 feet long with a 40-foot span. 

CONTINUOUS PLATE MILL 

The 96-lnch Four-High Continuous Plate Mill at 
South Works— The four-high continuous plate mill 
which will be described in detail was placed in opera- 
tion in the early part of 1931 and, therefore, represents 
an early stage in the development of the wide four-high 
continuous mills. The wide, four-high, continuous h<rt- 
strip mills, which have been placed in operation in the 
intervening period and which are described in another 
section of this book, are more representative of the 



Fig. 27 — 9. Diagram (not to scale) of the layout of the mills 
and auxiliary equipment comprising the 96-inch four- 
high continuous plate mill at South Works. 


potential productive capacities, the surface finish, and 
the width and gage uniformity which can be achieved 
with a modem mill of this type designed primarily for 
plate production. 

The 96-inch continuous plate mill at South Works, 
Figures 27—9, 27—10 and 27—11, receives the bulk of 
its charge in the form of cold slabs from a multi- 
purpose slab-yard building running at 90 degrees to 
the mill center line and serviced by four 20- ton, single- 
trolley, single-hoist, overhead cranes. The 96-inch plate 
mill and its supplying unit, the 44-inch slab mill, have 
a common and continuous center line. The slab mill 
shear delivery and piler tables form a continuous table 
line with the 96-inch mill furnace and mill approach 
tables so that hot slabs may be table-conveyed directly 
from the slab-mill shears into the 96-inch mill. A 
pusher and chain transfer adjacent to No. 1 reheating 
furnace permits the diversion of hot slabs from the mill 
table and their transfer to the charging ends of Ae 
reheating furnaces. It also is utilized for the recharging 
of furnace kick-outs. 

The slab mill has a rated capacity of 140,000 product 
tons per month. It supplies all of the slab requirements 
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Fic. 27—10. General view 
of the 96>inch continu- 
ous plate mill at South 
Worki. 



of the 96-inch mill, with the bulk of its excess produc- 
tive capacity allocated to the slab requirements of the 
SO-inch hot-strip mills at Gary Sheet and Tin Mill, and 
a smaller percentage allocated to the 30 -inch universal 
plate-mill slab requirements and semifinished trade- 
slab requirements. Virtually all the slab-mill produc- 
tion is removed from the run-out tables by three sec- 
tional pvishers and pilers located in the slab yard. Slabs 
in ingot stacks are removed from the pilers by over- 
head cranes. Slabs for the hot-strip mills are placed 
in a cooling area west of the run-out table in con- 
formance with the principle of utilizing fully the con- 
ditioning capacity of the western extremity of the slab 


yard for this product. After cooling, the slabs are loaded 
into standard -gauge cars placed on tracks running 
transversely through the extremity of the building, for 
shipment to the conditioning yard of the 80-inch hot- 
strip mill at Gary. 

All 96-inch plate mill slabs are placed in the central 
portion of the slab yard, adjacent to the pilers, for 
cooling. After cooling, they are conditioned, and piled 
in rolling sequence in an area approximately 70 feet 
by 100 feet located near the pilers. This area has a 
storage capacity of 5,000 tons. A portion of the slab 
tonnage produced for other applications and cooled in 
the central area also is conditioned here and is loaded 



Fio. 27—11. General view 
of inspection and mark- 
ing operations on plates 
at the delivery end of 
the 96-inch continuous 
plate mill at South 
Works. 
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out on standard-gauge tracks. Cool slabs in excess of 
the yard conditioning capacity are sent to other yards 
for conditioning. 

The plate-mill furnace-charging tables extend into 
the slab yard. The slab charger is a side unpiler consist- 
ing of a skidded deck with a vertical screw motion 
and a pusher operating transversely to the table travel 
direction and at the table-top elevation. Slab stacks are 
placed on the unpiler deck in its down position, and 
the slabs are pushed singly on the charging table as the 
unpiler is moved upward in slab-thickness increments. 
The slabs are positioned at the furnace charging doors 
and are charged into the furnaces by double-row 
pushers which can be operated singly or in unison. 

The heating equipment for this mill consists of 
four continuous-type, two-zone, triple-fired furnaces 
equipped to bum natural gas or fuel oil through all 
burners. One of the originally installed furnaces of 13 
by 59 foot inside dimensions is manually controlled, is 
not equipped with either recuperators or regenerators 
and is only used for standby service. When this furnace 
is used, it is single-row charged with slabs of 83-inch 
maximum length. Three furnaces installed in 1950 are 
16 by 60 foot 6-inch inside dimensions, are equipped 
with automatic heating controls and metallic recuper- 
ators. Slabs charged into these furnaces vary from 
to 6Vii inches in thickness, from 28 to 60 inches in width, 
from 50 to 83 inches in length for a double-row charge 
and up to a maximum of 178 inches for a single-row 
charge. Each of these furnaces has a rated heating 
capacity of 50 slab tons per hour. 

The two-high scale-breaker stand is located 156 feet, 
3 inches from the center line of the near furnace. It is 
driven by a 600-horsepower, 488-r,p.m, motor, driving 
through a gear reducer and conventional pinions of 34- 
inch pitch diameter. The steel rolls of 20-inch neck 
diameter, 18%-inch neck length, 30- inch body diameter, 
and 66-inch body length, operate in bronze-insert, bab- 
bitt bearings. The top roll is counter-weight balanced. 
Drafts on this stand are limited to %-inch maximum. 
Top and bottom hydraulic sprays operating at 1000 
pounds per square inch are located on the delivery side 
of the mill. 

The roughing train consists of three duplica*'^ two- 
high stands with spacings of 35 feet between th^^ scale 
breaker and No. 1 stand, 41 feet, 5.3 inches between 
No. 1 and No. 2 stands, and 32 feet, 2 inches between 
No, 2 and No. 3 stands. All three stands are driven by 
a 6000-horsepower, 370-r.p.m. motor, driving through a 
special gear-reduction set with two flywheels on the 
high-speed shaft and through conventional pinion 
stands. No. 1, No. 2, and No. 3 stands operate, respec- 
tively, at 8.5, 10.1 and 15.15 r.p.m., corresponding to 
lineal surface speeds of 116, 138 and 206 feet per minute. 
Only one slab can be xmdergoing reduction in the 
roughing train at any time. The cast-steel rolls for these 
stands have a 35-inch neck diameter, 36^-inch neck 
length, 53-inch body diameter, and 100-inch body 
length. The rolls operate in bronze-insert, babbitt bear- 
ings. The top roll is balanced hydraulically. The screw- 
downs are operated by two motors tied in with a mag- 
netic clutch so that they may be operated in unison for 
draft settings or individually for roll alignment. High- 
pressure hydraulic sprays are located at No. 1 and No. 3 
delivery and at No. 4 entry. 

Motor-driven sectional side guards on the skew roller 
table between the scale breaker and No. 1 stand may 
be positioned to permit either a straightaway entry to 
No. 1 stand or to form a ttiming pivot for a 90-degree 
turn and a broadside entry to No. 1 stand. Therefore, 
No. 1 stand may be utilized as either a straightaway or 


a broadside mill. A rack-type carriage pusher operat- 
ing on a structural framework above the table provides 
for a square entry for the broadside pass. Powered side 
guides at the entry of each roughing stand, as well as 
the first finishing stand, permit centered entry. 

A similar arrangement of side guards and skew table 
on the delivery side of No. 1 stand makes possible either 
continued straightaway progress of the slab or a 90- 
degree turn after a broadside pa.ss. 

The finishing train consists of six duplicate four-high 
stands spaced on 21 -foot centers, with the first or No. 4 
stand spaced 72 feet from the center line of the No. 3 
roughing stand. Each mill is driven >)y a 3500-horse- 
power, 165-330-r.p.m. motor through a gear- reduction 
unit, conventional pinion stand and wobbler-type spin- 
dles. The speeds of the work rolls of the various stands 
in r.p.m. and f.p.m. are listed below: 


Speed Range 

Rev. per min. Ft. per min. 


Stand No. 

4 Finishing 

5 Finishing 

6 Finishing 

7 Finishing 

8 Finishing 

9 Finishing 


20 to 49 
30 to 72 
39 to 94 
49 to 118 
54.5 to 132 
60 to 146 


128 to 315 
193 to 463 
250 to 600 
315 to 760 
350 to 850 
385 to 940 


Grain-iron work rolls in No. 4 and No. 5 stands, and 
chilled -iron work rolls in the remainder of the stands, 
have 16% -inch neck diameter, 41 V 2 -inch neck length, 
24% -inch body diameter, and 100-inch body length. The 
steel backup rolls have 27-inch neck diameter, 44% -inch 
neck length, 52-inch body diameter, and 96-inch body 
length. Both work and backup rolls operate in anti- 
friction roller bearings. The top backup and yrprk roll 
are balanced hydraulically as an assembly, with the 
work roll being held against the backup roll by two 
spring suspension take-up rods positioned through yoke 
extensions. Draft settings are made by 100-horsepower 
motors driving the screwdowns through worm reduc- 
tion gearing. The two motors for each stand are con- 
nected by magnetic clutches and are operated in unison 
for draft settings and singly, when the stock is in the 
mill, for camber correction. 

The spacings between the mill stands are each oc- 
cupied by a two-sectional retractable table which in 
a normal operating position presents a continuous, 
smooth iron liner surface to plate travel. Adjustable, 
powered side guides center the plates for admission at 
the point of entry, and top and bottom stripper-guido 
assemblies are attached to the delivery section. A loop- 
ing roll normally is positioned below the table surface 
and is raised in an arc by pneumatic cylinders when 
it is necessary to take up stock slack while speed ad- 
justments are being made. Prior to a roll change, the 
two table sections are retracted so that the liners and 
the supports of one section overlap the other in the 
center of the spacing. In this position both the entry- 
and the delivery-guide assemblies are free of the rolls. 

An overhead -crane-suspended sleeve, into which a 
work roll is fitted as a counterweight, is used for work- 
roll changes. The frequency of work-roll changes is 
extremely variable and is dependent on the particular 
roll stand as well as on the preponderance of product 
gages rolled. In the rolling of sheet gages, the leader 
and the finisher may require changing at four-hour 
intervals. When the schedule includes only plate rolling 
and the preponderance of the tonnage is in the heavier 
plate gages, the work rolls in No. 4 and No. 5 stands 
may last out the weekly schedule or require changing 
only once to meet wide-plate rolling requirements in 
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the latter part of the week. Work-roll changes are made 
in 25 minutes. 

A cast counterweight secured on an integral arm and 
sleeve which fits over the roll-neck extension, is used 
for the changing of the backup rolls, whereas a sleeve 
and another roll as a balancer are used for changing 
the roughing rolls. The frequency of backup-roll 
changes is also variable and dependent on the roll- 
stand position and gages rolled. Since one roll is 
changed per week, the average time interval amounts 
to 12 weeks. No. 3 roughing rolls are changed each 
week, No. 2 at weekly or bi-weekly intervals dependent 
on schedules, and No. 1 at 3 to 4 -week intervals. 
Backup-roll changes require an average of 21^ hours 
per roll, and roughing rolls require 3^/4 hours a set. 

Product is delivered from the finishing stand onto a 
central runout table, 132 feet long, consisting of indi- 
vidually-driven disk rollers which protrude through 
openings in cast alloy-iron aprons. Plates are stopped 
on the runout table by raising the lifting aprons above 
the table rollers. The plates are moved 18 feet, 4 inches 
laterally over iron grid work by a cable- carriage dog 
transfer to either one of two duplicate, parallel finish- 
ing lines. 

The 126-foot leveler-approach tables convey the 
plates to the light levelers, the first processing units 
in each line. They are located immediately beyond the 
hot transfer and have seventeen bending rolls, 8 inches 
in diameter by 100 inches long. Delivery from the 
levclcr is made to the first of five 125-foot sections of 
sprocket- driven chain spool conveyors. These con- 
veyors span the distance to the heavy levelers and also 
serve as cooling and top surface inspection tables. The 
heavy Icvcler is a 13-roll machine with seven top and 
six bottom, 14- inch diameter by 100-inch long, rolls. 
From the leveler the plates are discharged on a 132- 
foot combination table and turnover device. The turn- 
over consists of two series of arms keyed to pivot shafts 
located between two parallel roller tables. In an idle 
position both sets of arms arc below the roller-top levels 
of the two tables. When the plate is delivered from the 
leveler, the arms are moved toward each other in an 
arc, with the sending arms passing through a greater 
arc. This results in a transfer of the plate to the re- 
ceiving arms as they approach a vertical position. The 
lowering of the arms transfers the plate to the adjacent 
parallel table which reverses travel direction toward 
the multiple shear. 

Five 70-foot approach table sections serve as a bottom 
surface inspection and marking table. The first iden- 
tification is made by chalking on the plate surface. 
Multiple lengths to be sheared are also marked on 
the plate with allowances for necessary tests. The mul- 
tiple shear is a s^-inch by 100-inch, motor-driven, 
open-throat, downcut shear. A chain scrap conveyor is 
common to the multiple and the adjacent end shear 
and carries the scrap from both to an alligator scrap 
shear. 

Continued table travel of 178 feet brings the multiple 
plates to a 64-foot cold transfer. This is a chain lift 
transfer with a 32-foot span from the center line of 
entry and delivery, tables. During the crosswise travel, 
physical identification of product and test pieces is com- 
pleted by manual painting and stamping. Routing in- 
formation for placement in the shipping area or direct 
car loading also is indicated on the plates. 

Travel in the rolling direction is resumed on the 60- 
foot approach table to the rotary shear. The finish- 
shear lines are located in the shipping buildings which 
are adjacent and parallel to the mill building. Three 
magnetic manipulators traveling in a direction trans- 


verse to that of the table are available for positioning 
the plates for the rotary-shear entry. An electromagnet, 
traveling with the table direction, holds the plate in a 
fixed lateral position. The double rotary shear has 15- 
inch diameter top and 60-inch diameter bottom knives. 
Cutting capacity ranges from %-inch to %-inch gage 
and 20 inches to 96 inches in width at a cutting speed 
of 79 to 158 feet per minute. Width settings may be made 
in ^/4o-inch increments. Side trimmings are guided to 
rotary scrap cutters, cut into short lengths and dropped 
into a hold for removal by magnet. 

Two 46-foot table sections that serve as delivery and 
entry tables for the rotary and the end shears respec- 
tively have powered side guards to guide the delivery 
from the rotary shear and facilitate square entry into 
the end shear. The end shear is a duplicate of the 3/4- 
inch by 100-inch multiple shear. A motor-operated lift 
plate gage with a travel speed of 50 feet per minute 
can be set from a 6-foot to a 60-foot distance from the 
shear knife. The 60-foot delivery table is followed by 
a 68-foot scale table and two sections of 64-foot push- 
off tables and side pilers. The side pushers travel in 
transverse ways across the tables to stack the plates 
in the pivoted side pilers, the table ends of which are 
lowered in conformance with the height of the plate 
stack. 

Plates heavier than %-inch and up to 1^/4 -inch gage 
are laid out manually on the push-off tables and con- 
tinue over a short approach table to a 1^-inch by 100- 
inch end shear. The shear is a conventional motor- 
driven downcut type followed by a short depressing 
table and a delivery table with an overall length of 26 
feet. The plates then are moved manually over caster 
beds to a lV 4 -inch by 180-inch side shear located 58 
feet from the end shear. Tlie plates are turned 180 
degrees on the caster beds and moved back to the side 
shear to trim the opposite edge. Side-trim scrap is 
moved manually to an alligator scrap shear for cutting 
into short lengths. 

A circle shear is located beyond the side shear of the 
west shear line. The shear has a cutting capacity of 
%-inch to 3/4-inch gage and 16-inch to 84-inch diameter 
at a cutting speed of 20 to 60 feet per minute. A transfer 
car at the extreme end of the building permits the 
transfer of circles and plates between the various build- 
ings. 

UNIVERSAL PLATE MILL 

The 30-Inch Universal Plate Mill at South Works— 
The 30-inch universal plate mill at South Works, Figure 
27 — 12, was erected in 1907 to produce rolled-edge 
plates ranging from ?4c inch to 6 inches in thickness 
and 6 inches to 30 inches in width. Slab sizes utilized 
to produce this range vary from 2^/^ inches to 11 Va 
inches in thickness, 5 inches to 31 inches in width and 
55 inches to 120 inches in length. 

The conditioning and slab-storage yard serving this 
mill is under an open crane runway of 83-foot span 
and 280-foot length, serviced by two single-trolley, 
single-hoist, 10-ton cranes. The yard consists of four 
sections, for slab receipt, conditioning by hand scarfing, 
stock storage, and current charge storage. Charge slabs 
are piled in upright racks in the proper sequence. 
Forty-five hundred tons can be stored in the charge 
and stock racks. 

Reheating Furnaces— Two single-zone, end-fired, 
hydraulic-pusher-charged, continuous reheating fur- 
naces service the milL The burners located above the 
discharge doors are designed for changing quickly to 
natural gas or oil for combustion. Neither gas nor air is 
preheated, inasmuch as neither checkers nor recupera- 
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Fig. 27—12. Layout (not to scale) of the 30-inch universal 
plate mill at South Works. 


tors are incorporated into the furnace design. Air for 
combustion is provided under pressure by a fan which 
draws directly from the atmosphere. Fuel-air ratio and 
furnace pressure controls are operative for natural-gas 
combustion. The furnaces are rated at 20 tons an hour 
per furnace for full hearth coverage and a cold charge. 
Heated slabs and billets slide down the dropout skids 
onto the mill approach table. 

30-Inch Universal Plate Mill Stand — ^The single-stand 
two-high reversing mill, with vertical edgers front and 
rear, is located 68 feet from the center line of the near 
furnace. The chilled alloy-iron horizontal rolls are 241^ 
inches in diameter and 67 inches in body length; the 
chilled-iron vertical rolls are 14% inches in diameter 
and 19 inches in body length. The top roll is balanced 
hy counterweights, and is positioned for draft settings 
by a 50-horsepower motor driving both vertical screw- 
dovms through worm reduction gearing. The maximum 
available horizontal roll opening is 10 inches. Initial roll 


alignment is provided by placing liners as required 
under the fabric bearing chucks of the bottom-roll. 

Additional roll-alignment adjustment required in 
rolling is obtained by the manual operation, during pass 
intervals, of a device which varies the distance between 
one screw and bearing chuck. 

The vertical-roll assemblies at each side of the mill 
are positioned by a 30-horsepowcr motor. A drive shaft 
extends across both main housings and has pinions 
meshing with a spur-gear train on the outer vertical 
face of each housing. Bronze nuts, driven by the gear- 
ing, move upper and lower screws transversely, which 
in turn move the vertical-roll housings. A yoke con- 
nects the outer square ends of the screws to prevent 
their turning. It also has an adjustable rod attached 
with a nut to the yoke center that extends tlirough an 
opening in the housing and is pinned to the vertical-roll 
yoke. The yoke and the rod servo as a pull-back when 
the roll spacing is widened. Available roll opening 
varies from a 5-inch minimum to a SlVa-inch max- 
imum. The weight of the vertical-roll assemblies is sup- 
ported on an inverted V slide at the base of the main 
housings. 

The mill is driven by a 4000-horscpower, 1.50-r.p.m. 
reversing motor, the first reversing-mill motor to be 
built and placed into successful operation. Power is 
transmitted through a leading spindle to the bottom 
pinion of a five-pinion, three-high, cast-herringbone 
pinion stand. The bottom and the second pinions, of six- 
teen teeth each, are connected directly through spindles 
to drive the top and the bottom horizontal rolls. The 
top pinion of fifteen teeth meshes with the middle 
pinion below it and with one fifteen-tooth pinion at 
each side of it with a common center-line elevation. 
All five pinions arc journalled in babbitt bearings in the 
pinion housing. The side pinions drive the vertical-roll 
square shafts on which the square bores of the bevel 
driving gears for the vertical rolls slide for roll posi- 
tioning, and which transmit power to the mating gears 
keyed to the vertical rolls. 

Rolling— Slabs intended for plates in the 6-inch to 
8-inch width range are provided 1 inch narrower than 
the finished plate width. A slab 6 inches thick and 
8 inches wide rolled down to 1-inch gage will finish 
9% inches wide on this mill if it is allowed to spread 
freely. Therefore, on the basis of slab provision for a 
1-inch-gage, 8-inch wide plate, a l-inch spread is 
allowed; and the edges actually are worked down % 
inch. Slabs provided for over 8-inch to 12-inch widths 
are % inch narrower than the finished size; slab and 
finished widths are equivalent in the over 12-inch to 
17- inch range; and slabs % inch over finished size are 
provided for the over 17-inch to 30-inch range. Edging 
drafts arc taken alternately with the vertical rolls on 
the delivery side of the horizontal-roll drafting passes. 
As the horizontal-roll drafts are variable, vertical and 
horizontal-roll diameters must be kept matched so that 
the peripheral speed of the vertical rolls exceeds that 
of the horizontal rolls. Main-roll changes average three 
per week for a normal schedule and require 55 minutes 
to complete. Vertical rolls are changed at three- week 
intervals and require 3% hours to change both sets. 
Spray nozzles operate at 650 pounds per square inch 
pressure for descaling on both sides of the mill. 

Hot Bed — The finished plate is delivered by a 69- 
foot delivery table to a two-section lift chain hot bed, 
each section being 77 feet long by 59 feet wide, with 
transfer chains spaced on 5-foot 6-inch centers. When 
delivered to the hot bed, the plate is moved off the 
hot-bed entry table by the transfer chains and posi- 
tioned against fixed raised castings or anvils whi^ are 
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parts of a straightener-press used to remove delivered 
camber, and to prevent camber resulting from the ini- 
tial cooling stages. The straightener-press contains 30 
individual blocks, each of which consists of a 3%-inch 
diameter worm screw, a bronze nut, a head casting 
attached to the worm screw, and the fixed table casting 
that serves as the anvil. The blocks are on 5-foot, 6-inch 
centers and arc located between the transfer chains and 
adjacent to the hot-bed entry table. Two worm line 
shafts, each 5 inches in diameter and 89 feet, 7 inches 
long, drive the individual worm screws. Each line shaft, 
in turn, is driven by a 50-horsepower motor through 
reduction gearing. The castings which serve as anvils 
are integral parts of troughs through which cooling 
water circulates. When the worm screws are operated, 
the movable heads push against the edge of the plate 
and press it straight against the anvil castings. 

Plates are delivered to the two hot-bed sections 
alternately. When the plates are released by the 
straightener-press, they again are picked up by the 
lift transfer chains and moved across the bed in plate- 
width space increments. In the course of their traverse 
progress the plates are identified by painting and 
stamping and laid out for the lengths that are ordered. 


Required tests also are laid out and identified. The 
final chain movement places the plates on the com- 
bination bed-delivery and shear-approach table. 

Finishing— The end shear, located immediately 
adjacent to the hot bed, is a 42-inch by 2-inch guillotine 
downcut shear with a counterweighted upper-knife 
holder, and is operated by an 11-horsepower, 800-r.pjn. 
motor. A chain conveyor moves crop scrap to a chute 
which guides it into a scrap box for disposal. The 
sheared plates go over a table to a roller leveler which 
has 6 top and 5 bottom bending rolls, 8 inches in diam- 
eter and 44 inches in body length. Plates up to 2-inch 
thickness are pulled off the table line on the delivery 
side of the leveler. They are pulled off manually with 
the use of hooks into stacking cradles. Heavier plates 
are pushed manually on an idler table to a horizontal 
gag in which they are straightened and pulled off in a 
similar manner on the delivery side. 

Auxiliary equipment includes flame-cutting equip- 
ment for heavy plates, hand-grinding tools and powered 
hack saws. Storage racks are provided for carload- 
accumulation storage in the combination shearing and 
shipping building. Additional storage and shipping fa- 
cilities are available in an adjacent building. 
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RAILROAD RAILS AND JOINT BARS 


SECTION 1 

ROLLING OF RAILROAD RAILS 


Dating from the invention of the steam locomotive, 
the railroad rail represents one of the first sections to be 
rolled. The railroad rail is a most vital part in railroad 
operations and represents a difficult section for the roll 
designer and roller. With the advancement in speed of 
travel and weight of loads carried, more and more has 
been required of the rail, until today no product is sub- 
ject to more severe service conditions. Exposed to the 
weather at all times, it is subjected, under constantly 
varying conditions, to high compression and bending 
stresses, impact, vibration, friction and wear. 

The railroad rail should be designed to have the great- 
est possible transverse strength, to provide an abun- 
dance of metal for wear, to present a wide base for 
fastening to the cross tie, and, for the sake of economy, 
it should be of the lightest section possible. The Ameri- 
can Tee Rail best meets all of these requirements and 
represents the accepted design. 

Historical Development of Rail Sections— The history 
of rail development is indicated in the sketches of 
Figure 28 — 1. The first running surfaces for the early 
railroad rolling stock consisted of strap rails comprised 
of cast-iron plates approximately 4 inches by IV 4 inches 
by 5 feet long, which were attached to a wooden base. 
The first strap rails were used around 1767. Various 
types of cast and malleable iron rails were used until 
about 1820 when the first iron rails were rolled. These 
were supported by cast-iron holders, called chairs, at- 
tached to stone supports. In an effort to eliminate use of 
the expensive chair required for this type of iron rail, a 
rail with a wide and relatively heavy flange on the bot- 
tom was rolled in 1831. The difficulty of rolling the 
flange led to the better balanced Locke rail of 1837, the 
bull head and U-shape rails of 1844, and the pear head 
rail of 1845. Then came the compound rail of 1856 (not 
shown in Figure 28—1) and another form in 1858, which 
was the U-shape of 1844 with the lower parts closed 
in and welded to form a web. As neither of these forms 
proved serviceable, a demand for more metal in the 
head for wear forced a final return in 1858-1868 to the 
tee shape with wide thin flange. Subsequent to 1858- 
1868 the quality of the steel, the design of the rails and 
rolls, and the equipment of the mills have improved 
continuously. Present standard railroad rails are being 
rolled in various sizes ranging in weight from 65 lb. up 
to and including 155 lb. per yard. Rails 60 lb. per yard 
and lighter are classed as light rails. Representative 
chemical compositions for rails are shown in the Amer- 
ican Railway Engineering Association (AJI.E.A.) tabu- 
lation given in Table 28—1. 

IMfilta for Bolling Rails— There does not seem to be 
much acciurate information available about the first 
mills which rolled rails. It is probable that existing mills 
fiosigned to roll bars were utilized with such alterations 


and additions as were necessary. Credit for rolling the 
first steel rail in 1857 is given to the Dowlais Plant, 
Wales, while the credit for rolling the first steel rail in 
this country is given to Captain Ward’s North Chicago 
Rolling Mills, where the first Bessemer steel rails were 
rolled experimentally in 3865 from blooms made of 
hammered ingots produced at Wyandotte, Michigan. 

Rails were originally rolled on the pullover mill, and 
later on the reversing mill. In this country rails have 
been rolled for many years on the three-high mill, which 
was usually made up of a single train of three stands 
driven by one engine. Sixty-nine mills were reported to 
be rolling rails of various weights in 1874. During this 
great railroad-expansion period, rails were in such de- 
mand that even this large number of mills could not 
supply the demand. These mills were scattered around 
the country with one as far west as Laramie, Wyoming. 
The tonnages produced on the old mills were small in 
comparison to present-day tonnages. Since about 1900, 
rail mills have been forced to imdergo many changes be- 
cause of the ever increasing requirements of the rail- 
roads with respect to quality of the steel, size of the rail 
section, length of rail, freedom from internal and sur- 
face defects, exactness as to dimensions, and a variable 
demand as to quantity. At the end of 1954, there were 
nine mills in the United States and Canada which were 
producing railroad rails. Additional rail mills on the 
North and South American continents are at Monterey, 
Mexico and Volta Redonda, Brazil. These miUs are far 
from being standardized in layout. Some have a large 
number of stands, others only a few, some are two-high 
throughout, while others are three-high. No one rail mill 
may be cited as an example typical of all, but a brief 
general description of a mill which requires reheating 
of the blooms and another mill which rolls direct will 
illustrate operating conditions of representative mills. 

In the first example, that of a large rail mill in which 
the blooms are reheated, the ingot first passes through 
a 48-inch, two-stand, two-high, tandem bloomer with 
two passes in each stand. After the ingot has passed 
through once, it is returned to the first stand by a run- 

Table 28—1. Representative Chemical Compositions 
for Rails 

Nominal Weight in Lb. per Yard 
Constituents 70/90 91/120 121 and Over 

Carbon 0.64-0.77% 0.67-0.80% 0.69-0.82% 

Manganese ... 0.60-0.90 0.70-1.00 0.70-1.00 

Phosphorus 

(maximum) . 0.04 0.04 0.04 

Siheon ....... 0.10-0.23 0.10-0.23 0.10-4)J23 
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1767 


CAST IRON 
PLATE 
5 FT LONG 


1776 ~ 1793 

_ \ 

CAST IRON RAIL 
3 FT LONG 



AT BETWftN CAST IRON CAST IRON RAIL CAST IRON RAIL 
SUPPORTS SUPPORTS EDGE RAIL 4-1/2 FT LONG 


CAST IRON EDGE RAIL 
FISH BELLIED PLATE 


1^0-1811 

MALLEABLE 
IRON RAIL 


1816 

1830 

1831 IB3I 

T A 1 1 A 

CAST IRON BIRKLNSHAW CLARENCE R L STEVENS P R R U OR BRIDGE 
EDGE HAIL ROLLED IRON RAIL Rai,ED IRON RAIL T-RAIL AMBOY DIV RAIL 

26 LB 33LB 41 LB 40 LB. 


1837 

I 

LOCKE RAIL 
58 LB. 


1844 

I 

UULLHLAO 

RAIL 


1844 



EVANS U RAIL 
40 LB. 


1845 



FIRST IJ S 
T-RAIL 


1858 

z 

HOLLOW 
IRON RAIL 


1858 



P R R STD 
85 LB. 


1664 

1 


P R R STD 
67 LB. 


1900 

1065 

1 Z 

HRST BESSEMER 60 LB 100 LB 130 LB I3l LB. 

^AIL ROLLED IN 
J. S 50 LB 


1947 


155 LB 


SPECIAL SECTIONS 


COMMON SECTIONS 



V 


GIRDER RAIL GROOVED RAIL CRANE RAIL 115 LB 132 LB. 140 La 

175 LB 


Fic. 28-1. Sketches of cross-secUons of rails from the earliest periods of railroading until 
the present, showing the evolution of the modem railroad-rail design. Certain special 
rail sections are shown at the lower left. 


around turn table for the second pass. After passing 
through the stands twice, the piece goes on to a three- 
high 40-inch blooming mill, where it is given seven 
passes. After being sheared into bloom lengths and re- 
heated. the blooms go on to a four-stand rail finishing 
mill, the first part of which consists of two engine-driven 
three-high stands. The bar is given five passes in the 
first set of rolls and four passes in the second set and 
th^ moves straight forward to a three-high stand 
^iven by its own engine, where it is given three addi- 
tional passes. From this stand, the rail moves on to the 
two-high finishing mill for the final pass. There are 
thirteen passes from the bloom to the finished rail. 

The second example, a mill in which rails are rolled 
directly from ingots, is represented by the largest rail 


rmll in this country, the layout of which is somewhat 
similar to the cross-country type. This mill starts with 
four tandem stands of 40-inch, two-high rolls. In these 
stands, the ingot is given one pass per stand, and is 
timed after each pass. The passes are of diamond, 
diamond-square, and box-pass design. After the initial 
passes, there is a 40-inch three-high mill with five box 
p^ses. the final pass being slightly shaped to give the 
hitherto rectangular bloom a form more suitable for 
subsequent rolling. Following this three-high blooming 
stand is the bloom shear and then the cross-country ar- 
rangement of seven stands of rolls arranged in two 
groups of three stands each and one separate stand. The 
leader stand has a vertical roll workii^ on the head of 
the rail; the finishing stand one for the rail base. 



rails and joint bars 


S2S 



Fig. 28 — 2. Sketch of rolls used in second roughing stand of a rail mill rolling by the tongue- 
and-groove, flat, or slab-and-edging method, showing shape produced in each of the 
four passes. 


Hails are formed by two general methods of rolling, method. In the tongue-and-groove, flat or slab-and- 
known as the totigue-and -groove, flat or slab-and- edging method, illustrated by the second roughing stand 
edging, and the diagonal or angular method. Several of in Figure 28 — 2, the axis of symmetry of the rail coin- 
the rail mills combine these two methods, some of the cides with the pitch line and is parallel to the train line 
passes being designed to form by the first method and of the rolls. 

the remaining passes to roll the section by the second The diagonal or angular method of rolling is repre- 
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sented by the roughing stand shown in Figure 28 — 3. It 
differs from the slabbing method in that Ae shaping of 
the rail is begun with the first pass in the roughers and 
instead of first compressing the bloom to a smaller size 
and then forming the section partly through compres- 
sion and partly by spreading, the process is one of 
compression from beginning to end. 

DESIGNING THE ROLLS FOR RAILS 

The first consideration in designing the rolls for rails 
is to produce a finished piece of the correct size and 
form. This objective can be accomplished only by di- 
recting and controlling the flowing, spreading and bend- 
ing of the steel. The ease with which this forming is done 
depends on the plasticity of the metal, which in turn is 
affected by the temperature. With the speed of the rolls 
fixed, the temperature confined to a narrow range, and 
the grade of steel given, the only means of control re- 
maining to the roll designer is the size and shape of the 
passes, and in part of these, at least, the size will be gov- 
erned by the size of the bloom. In designing the passes, 
a good designer will endeavor to work the steel in such 
a manner that the quality of the product will be bene- 
fited, and no defects will be developed. The defects that 
should be carefully avoided are fins, laps, overfills, and 
underfills. Laps may result from fins or a collaring of 
the piece in the rolls; overfills, from worn rolls, poor or 
improper design; and underfills either from poor design 
or incorrect adjustment of the rolls. 

Stages of Reduction— The formation of the rail from 
the bloom may be considered as taking place in three 
steps or stages. The first stage, called the roughing, is 
merely one of preparation; in it a large amount of work 
is done, but this work is expended mainly in reducing 
the size of the section and elongating the piece. The 
intermediate stage proceeds with the forming of the 
rail and involves a combination of slabber, dummy, 
former, edger and leader passes, dependent on the mill 
layout. The finishing pass completes the formation of 
the rail. 

The Section— No original designing of section is done 
by the roll designer. The first requirement in the rolling 
of a new section is that the roll designer be supplied with 
a drawing or print of the section, which must be ac- 
companied with all the dimensions, preferably indicated 
on the print. The weight of rail desired or expected 
should also be given. Here the matter of dimensions is 


of extreme importance, for the designing of the tem- 
plets cannot be started until each and every dimension 
required is given. These dimensions not only include 
linear measurements, such as height of rail, width and 
thickness of parts, but also the radius of all curves, and 
amount of slope on inclined surfaces expressed in de- 
grees or percentages. 

Roll Preparation — With all the necessary information 
available, the first step taken by the roll designer is to 
prepare a drawing for the cold templet. This drawing is 
constructed on the axis of symmetry of the rail, which 
is the vertical line drawn through the center of the head, 
of the web, and of the flange. On this line the section of 
rail is S3mrimetrically constructed to the dimensions 
given on the drawing, all the dimensions being made 
with extreme care and accuracy. Upon completion of 
this very accurate drawing, the area of the section is 
measured with a planimetcr in order to check the 
weight of the section. Any discrepancies between dimen- 
sions or weight are clarified with the customer after 
which the cold templet is prepared from either brass or 
steel. 

The next step, which is really the first step in design- 
ing the roll passes, is the making of the hot templet. 
This templet is similar to the cold templet, but larger in 
size, as it represents the section of the rail at the finish- 
ing temperature of rolling. 

From the hot templet the various passes are designed 
successively as the experience and judgment of the de- 
signer dictates. Roll designers may prepare the various 
pass templets by several methods. Usually the pass tem- 
plets from a similar section are used as a guide, since 
many of the sections currently being rolled have been 
perfected through many modifications from initial de- 
signs for the passes. Frequently, the designer constructs 
each pass outline in a drawing showing the different 
passes superimposed upon each other. As a preliminary 
step toward designing passes back to the bloom from 
the finished templet, a table is usually prepared. This 
table will consist of various passes, cross-sectional area 
of the head, web, and base, per cent reduction, and 
spread in inches. The designer must constantly keep in 
mind the danger of forming fins. In order to avoid these 
defects, the designer may arrange the passes so that 
each side of the piece alternately enters an open and a 
closed side of the groove when rolling by the tongue- 
and-groove, flat or slab-and-edging method. Even with 



Fxo. 28—4. Differences in peripheral speeds at various points in the roll pass contacting, 
respectively, the flange, head and web of a rail during rolling. 
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this arrangement, fins would still be formed if the passes 
were not properly designed. To avoid the possibility of 
forming fins, two modifications of design may be used. 
In the leader pass, the comer of the head, which is to 
come opposite the openings between the rolls in the 
finishing pass, is well rounded off, so that the spread or 
flow of the metal will be taken up in filling out this 
rounded comer and none will remain to be forced into 
the clearance. For the same reason, that half of the flange 
on the same side of the rail is left much shorter. This 
provision is made in many of the passes. Great care is 
necessary in distributing the reduction of each part to 
prevent the metal flowing away from parts where it is 
needed. For example, if a too great reduction in the web 
takes place in one pass, it will produce a flow of metal 
away from the head, causing the latter to be underfilled. 
The cause for much of the trouble of this kind lies in 
the different diameters of the pass, which cause a differ- 
ent roll-surface speed for head, web, and flange, and 
hence different rates of elongation. If the elongation 
produced through compression is at the point of less 
speed, the section will be imperfectly formed, or cracks 
will result. The accompanying illustration (Figure 28— 
4) will help in understanding this point. 

The roll designer strives to keep the roughing passes 
of such shapes and sizes that the same set may be used 
for a large number of different rail sections. The pass 
contours for producing the 132 -pound RE rail are illus- 
trated in Figure 28 — 5. 



Fig, 28—5. Roll-pass contours for producing a 
132-pound RE rail. 

Upon completion of the pass templets, including both 
male and female for the cold templet, they are sent to 
the tool shop where they are used as patterns in making 
a set of tools for turning the rolls for the section. As 
many as 24 different tools may be required for the last 
six passes of each size rail. After shaping these tools a 
little over-size, they are heat treated and then redressed 
to exact size before they are used to turn the rolls. When 
ready, templets and tools go to the roll shop, where the 
work of turning the rolls is done. Rail-mill rolls may be 


sand iron, alloy iron, or alloy steel rolls. Frequently 
more than one grade of rolls will be used on the same 
mill. 

ROLLING PRACTICE 

After the rolls have been properly turned, they are 
placed in the housings in their proper position and care- 
fully lined up. A trial rolling with one bloom will then 
be made with the roller checking the piece closely to 
see that it goes through the mill in a satisfactory manner. 
The trial rail thus produced is gaged by templets which 
permit checking of base over-all. head width and con- 
tour, flange length and thickness, head radius and fish. 
(Fishing is a mill term for the dimensions of the theoret- 
ical contour of the under side of the head, the side of the 
web, and the upper side of the base.) By comparison 
with a master or cold templet the height and web thick- 
ness can be checked. If this section is found to be correct, 
the mill is then ready to begin the rolling. At frequent 
intervals, the rails are gaged and examined for defects 
such as collar marks, underfills, roll marks, overfills, 
guide marks, cracks, seams or pickups. One of the things 
that cannot be avoided in the rolling is the wear of the 
rolls which is aggravated by the slippage associated with 
tlie irregular section. The grooves tend to wear down 
rapidly, which will produce a “loose fish.” “Rocking 
base” rails may result from worn rolls. 

Standard specifications for rails require that the cold 
templet shall conform to the specified section as shown 
in detail on the drawing of the purchaser and shall at all 
times be maintained perfect. The rail section shall con- 
form as accurately as possible to the templet or drawings 
furnished by the purchaser. A variation of % 4 -inch less 
or % 2 -inch greater than the specified height is permitted. 
A variation of ^e-lnch in the width of either flange is 
permitted, but the variation in total width of base shall 
not exceed Vie-inch. No variation is permitted in dimen- 
sions affecting the fit of the joint bars, except that the 
fishing templet approved by the purchaser may stand 
out not to exceed ^e-inch laterally. 

Girder Rails — ^Among the special types of rails rolled 
are the girder rails of the plain, guard and grooved type, 
used principally by electric surface railways. These rails 
represent some of the most difficult sections to roll and 
are usually produced on structural mills. Demand for 
these sections has diminished to the point that the roll- 
ing of many sections has been discontinued, with re- 
placements being made with standard T-rails. Contours 
of typical girder, guard, and grooved rails are shown in 
Figure 28 — ^1. 

Crane Rails — Crane rails, in three sections of 104-105 
pound, 135 poimd, and 174-176 poimd, are currently be- 
ing produced. These rails in general have a heavier head 
and web than the railroad rail in order to withstand the 
heavy loads imposed in service. These rails ordinarily 
are rolled on rail mills and are made by the same manu- 
facturing practices as railroad rails. 

Light Rails — ^Light rails are rolled on several types of 
mills — bar mills, light structural, and, in some CBses, 
mills built and operated exclusively for light rails. Light 
rails are produced from heavy rails or from billets. In 
the rerolling of light rails from standard rails, either 
passes of the edge and flat design or of the diagonal de- 
sign may be used. The rolling of light rails from billets 
is accomplished in much the same manner as the rolling 
of standard rails. An average of nine passes is generally 
used, although in a few extreme cases as few as five 
passes have l^en used. 

FINISHING OPERATIONS FOR STANDARD RAILS 

Cutting and Cambering— Railroad rails are ordinarily 
cut to produce the standard SMoot rail. Lengths of 30 
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and 33 feet, which represent the old standard lengths, 
are produced in small tonnages, and long rails of lengths 
from 45 feet to 78 feet are produced in limited quantities. 
Finishing equipment is designed for standard lengths 
and longer lengths are handled with inconvenience and 
at additional cost. The rails are cut to desired lengths 
by hot saws operated singly or in gang, mounted over 
the runout table beyond the finishing stand. In cutting 
the hot rails, proper allowance must be made for linear 
thermal contraction, which, for a 39-foot rail, is approxi- 
mately 8 inches. The exact amount of the contraction de- 
pends upon the temperature at which the rail is sawed. 
It is necessary to set the saws very accurately as the first 
rail from an ingot as well as the last rail from the same 
ingot must be within the length tolerance of plus or 
minus %-inch. Vertical alignment of the saws must also 
be accurate and the saws must be maintained in sharp 
condition in order to meet a % 2 -inch maximum off- 
square tolerance. Drop-test and the nick-and-break 
samples are obtained from the crop ends cut at the hot 
saws. After sawing, the rails pass under a stamping ma- 
chine which marks the heat number, ingot number and 
position of the rail in the ingot. The latter is designated 
by letters beginning with A at the top of the ingot. Be- 
tween the stamping machine and cooling beds is a cam- 
bering machine which consists of a set of horizontal 
rolls with a vertical roll on each side, all in one housing 
and set to bend the rail slightly so as to make the top 
siuface of the rail convex from end to end. This bend- 
ing is done to compensate for the camber produced in a 
straight rail as it cools on the cooling bed, this camber 
being caused by the different rates at which the head 
and the base cool. A scale located near the end of the 
delivery table is used for checking the weight of the rails 
as often as desired, before they are advanced to the 
cooling beds. Hail speciBcations state that a variation of 
0.5 per cent from the calculated weight of section as 
applied to the entire order is permitted. 

Marking and Branding — One of the mandatory re- 
quirements for standard railroad rails is that each rail 
shall be legibly marked for complete identification. So 
far as practicable, this branding is done by numbers, 
symbols and letters cut in the bottom finishing roll to 
give raised characters on one side of the web of the rail. 
Markings that cannot be thus rolled into the web are 
marked intaglio on the opposite side of the web by a 
hot stamping machine following the hot saws. The na- 
ture of the information required and the methods of 
marking are as follows: 

Method Kind 

of of 

Marking Mark Nature of Information 


Engraving 
on bottom 
finishing 
roll 


Raised 1 
characters j 


Weight or section 
number 
Type 

CC (for control cooled) 
Manufacturer's brand 
Year rolled 
Month rolled 




{ Heat number 
Rail letter 
Ingot number 


Controlled Cooling-— Controlled cooling of rails on a 
production basis was begun between 1935 and 1937. 
From the rather crude start with various types of con- 
tainers and covers, refinements have been made and 
specifications prepared so that a uniform controlled- 
eooling practice now is obtained. 

Premt specifications lor rails intended for railroad 
service require controlled cooling of the rails within the 


temperature range between 725* and 300* F. This is a 
process especially developed to prevent the formation 
of shatter cracks, also called internal thermal ruptures, 
Bakes or internal thermal cracks. In mill operations, the 
rails are allowed to cool to under 1000 * F and then are 
placed in either stationary or movable insulated con- 
tainers. The rails must be placed in the container within 
the temperatiure range between 1000 * and 725 * F, which 
is checked by a radiation pyrometer. One or more ther- 
mocouples of the chromel-alumel type are placed be- 
tween tiers of rails in the slow-cool container in order 
to obtain temperature readings during cooling. The con- 
tainers are insulated to meet the specified cooling cycle 
of not dropping below 300 * F in 7 hours for rails 100 lb. 
per yard in weight or heavier, from the time that the 
bottom tier is placed in the container, and 5 hours for 
rails of less than 100 lb. per yard in weight. Rails must 
remain in the cooling container for a minimum of 10 
hours. Complete records of the cooling cycle to 300 * F 
are maintained on each container. 

Testing of Standard Rails— Testing of standard rail- 
road rails includes both chemical and mechanical tests. 
Two ladle test samples, representing the composition of 
one of the first three and one of the last three ingots ap- 
plied, are obtained. The drop test or the nick-and-break 
test are relied upon to supply the only mechanical-test 
information required. Crop ends 4 to 6 feet long are cut 
from the top end of the *'A” rail from the second, middle, 
and last full ingot of each heat (“A” rails are those 
rolled from the upper portion of the ingot, “B,” “C,” 
“D,** etc., rails being rolled from steel in successively 
lower parts of the ingot.) These specimens are placed 
upon supports and subjected to the impact of a tup 
weighing 2000 Ib., falling from a height of 17 to 22 feet 
depending upon the weight of the section. For rails 
106 lb. per yard or less in weight, the supports are placed 
3 feet apart and for rails over 106 lb. per yard this dis- 
tance is increased to 4 feet, with the tup striking the 
rail midway between the supports. If a specimen breaks, 
all the "A" rails of the heat are rejected and the **B’* 
rails must be similarly tested. Failure of a **B” rail speci- 
men causes all “B” rails to be rejected in addition to the 
“A” rails and similar tests must be made in “C” rails. 
Failure of a **C” rail specimen is cause for rejection of 
the whole heat. One specimen from a heat is given a 
number of blows to determine the ductility. 

In progressive nick-and-break testing, if an interior 
defect shows on the fracture, the top end of the top rail 
is nicked and broken back. If a fracture free from In- 
terior defects is reached at a point permitting the rail 
to be finished to an acceptable leng^ the rail and the 
following rails of the ingot are accepted. If not, the rail 
is rejected and a test piece cut from its bottom end to 
represent the second rail of the ingot. The second and 
succeeding rails are tested in the same manner when so 
required. 

Finishing Operations — ^Finishing operations for stand- 
ard rails include preliminary inspection upon unload- 
ing from slow-cool cars or containers, removal of saw 
burrs, straightening, drilling, grinding of ends, beveling 
of heads when specified, inspection, classification, and 
painting. The purpose of the preliminary inspection is 
to check identification and lengths and to locate harm- 
ful surface defects and thus save the expense of finishing 
a rail that would be rejected. The removal of burrs made 
by the saws on the ends of the rails usually occurs prior 
to the straied^tenmg, although in some instances burr 
removal occurs after the straightening cq;>eration. The 
burrs are cut off with chisels and subsequen^^ smoothed 
with a file or a grinder. 

Hie rails are straightened on gag presses, each of 



529 


RAILS AND JOINT BARS 


which is provided with two bottom supports located in 
the table proper on which the rail rests, and a top block 
with die attachment which moves up and down with a 
fixed stroke between the supports. The stroke of the 
block is of such length as not to touch the rail by about 
two inches at its lowest point On each side of the press 
at spaced intervals are located two or three stands, each 
with a roll, to allow bringing the rail to the press and 
manipulating the rail back and forth while it is being 
straightened. The die has a double face, each side of 
which slopes to the center line. The gag, a rectangular 
block of steel slightly beveled to fit the die, is inserted 
between the rail and the die. The die form, in combina- 
tion with the different dimensions of the gag, makes it 
possible to control the amount of bend the rail receives 
and to adjust the press to the several rail dimensions. To 
straighten a rail, one man called a gaggcr is stationed in 
front of the machine and a second referred to as a 
straightener at the end. By sighting along the rail, the 
straightener at the end locates the areas of rail which 
require straightening and brings them under the blocks 
while the gagger before the machine, acting imder direc- 
tions from the straightener at the end, inserts the gag 
In such a way that the stroke of the machine will bend 
the rail enough to straighten it, which requires that the 
rail be bent beyond its elastic limit in order to give a 
permanent set. 

The rails are next moved to the drilling machines, 
which are arranged in pairs and so spaced that when 
one machine has completed the drilling on one end of 
the rail, it is moved under the other machine which 
drills the holes in the opposite end. These machines are 
provided with three drilling spindles, the middle one 
of which is fixed, and the outside two adjustable, and 
may be made to drill from one to three holes at one 
time. After drilling, the rails are moved to inspection 
beds where they are walked, or inspected, ends checked, 
ends beveled when specified, classified, painted, and 
separated for loading. The finished rail inspection is 
made by mill and purchasers* inspectors to satisfy them- 
selves that the rails are according to specifications. The 
rails are inspected twice, one time with the base up and 
the second time with the head up. The location of defects 
or rails not satisfactorily straightened are marked with 
chalk. If these defects are located near the end, that por- 
tion of the rail may be sawed off and the rail still ap- 
plied on the order as a short of first grade; shorts are 
accepted in limited quantities. If the defects are many 
or are near the center, the rail is either classed as a 
number two, or scrapped. Number two rails may con- 
tain slight imperfections which do not make them unfit 
for service. Number one rails must be free of injurious 
defects and flaws of all kinds. Rails which are not 
straight are transferred to a restraightening press for 
restraightening whereas rails required to be sawed are 
transferred to a recut unit which is equipped with slow- 
speed saws. Off-square ends are corrected either by use 


of end-milling machines or hand grinders. Rails are 
classified into the following groups and each group is 
loaded in separate cars. 

Painting on 

Classific ation Rail Ends* 

No. 2 rails White 

“X-Rayls” Brown 

"A” rails Yellow 

No. 1 rails of less than standard lengths. . . . Green 
No. 1 rails of a heat whose carbon content 
is in the upper five points of the carbon 

range specified Blue 

No. 1 rails of a heat whose carbon content 
is lower than the upper five points of 
the carbon range specified None 

• Individual rails shall be painted only one color, accord- 
ing to the order of precedence listed above. 

End Hardening— End hardening is a heat treatment 
given to the top end surface of a rail head which makes 
it more wear-resistant. The heating of the rail end is 
accomplished by either gas hoods, gas burners, or induc- 
tion heating coils. Compressed air is used for the accel- 
erated cooling. Usually the hardened pattern, including 
the hardened and transition zones, is about %-inch in 
depth at the rail end, tapering to zero depth at a distance 
approximately 3% inch back from the end of the rail. 

Some type of production-control testing is generally 
performed on end-hardened rails, usually the standard 
Brinell test, using a 10 mm. ball, made on representative 
samples. 

Finishing and Inspection of Crane Rails — Crane rails 
are subjected to the same testing and processing as 
standard railroad rails. In the lighter sections, crane 
rails have been heat treated by quenching in oil and 
tempering with very satisfactory service results where 
heavy loads are involved. Crane rails in the control- 
cooled and the heat-treated conditions, with welded 
joints, have been placed in service in numeroTis loca- 
tions. 

Finishing and Inspection of Girder and Light Rails 
— ^Girder rails are not subjected to slow cooling, and 
straightening is usually done on a machine straightener, 
supplemented by gag straightening. Standard specifica- 
tions cover girder rails of the plain, grooved and guard 
types, and finishing operations are comparable to stand- 
ard rails. The impression test to check hardness is used 
rather than drop testing. 

The finishing and inspection of light rails are differ- 
ent from the same operations for heavy rails. Because 
of the relatively small tonnage of most orders, light rails 
cannot be handled as separate heats and many light rails 
are rolled from billets of lower carbon content than 
heavy rails. Light rails are supplied in a variety of 
lengths and are usually straightened on a machine 
straightener. Bolt holes may be punched or drilled. 


SECTION 2 


THE ROLLING 

Types of Rail Joints— Paralleling the development of 
rails to present-day standards has been the development 
in rail-joint bars and new techniques, such as welding 
for joining rails. Through the years, rail-joint bars have 
been known by various names, such as splice bars, angle 
bars, and fish plates. A great number of rail- joint bar 
designs were in use arotmd 1925, such as (1) the Du- 
quesne rail joint; (2) the 100 per cent rail joint; (3) the 
Weber rail joint; (4) the Hatfield rail joint; (5) the 


OF RAIL-JOINT BARS 

Wolhaupter rail joint; (6) the BarschaU rail joint; (7) 
the Bonzano rail joint; (8) the Abbott rail joint; (9) the 
Williams reinforced rail joint; and (10) the reinforced 
angle bar. Only a few of these rail joint bars are in use 
at the present time. In recent years there has been a 
trend toward a standard design of joint bar. 

Present Rail-Joint Bars— Even with one type of Joint 
bar, there must be many different designs, for the joint 
bar must fit accurately between the head and the base 
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Fio. 28 — 6. Cross-sectional diagram of the 
head-free type of conventional rail- joint 
bar. 



CONVENTIONAL JOINT BAR 



of the rail, and each change in these dimensions of the 
rail requires a change in the joint bar. The most popular 
rail- joint bar type at the present time is the short-toe 
joint bar of either the head-free or head-contact design. 
A sketch of the conventional rail-joint bar of the head- 
free type (with short toe) is shown in Figure 28 — 6. The 
head contact t 5 npe of conventional rail- joint bar is iden- 
tical with the sketch shown in Figure 28—6, except there 
is contact of the under surface of the head of the rail 
with the head of the joint bar. The head-free design is 
considered to have some advantage with respect to a 
lower rate of bolt-tension loss and lower resistance to 
expansion movement of rail ends. The principal advan- 
tage of the head-free design, however, is the fact that its 
use permits the desired thickening of the upper web and 
lengthening of the fillet radius. Nomenclature for the 
present conventional rail joint (with long toe) and the 
older type of continuous rail joint is shown in Figure 
28 — 7. The continuous joint bar shown is still in limited 
use. This section is rolled with the lower base flared, the 
flare being pressed into a size to fit the rail base when 
the bar is punched. Other types of joint bars, with or 
without reinforcements in the web, are in very limited 
use at the present time. 

Problems in Rolling Rail-Joint Bars — Passes for roll- 
ing three typical joint bars are shown in Figure 28 — 8. 
Joint bars are usually rolled from billets or blooms 
within the carbon content range of 0.30 to 0.60 per cent, 
although a lower carbon range has application for the 
cold-worked joint bar. The conventional joint bar and 
the joint bar with long toe are subject to all of the draw- 
backs of the rail section and to many others in addition, 
because of their irregular section and lack of symmetry. 
In the conventional joint bar, the angles at which the 
section is rolled are limited by possibility of imdercuts, 
and the shape of the passes in which the piece is neces- 
sarily reduced are favorable to the formation of laps 
and seams. If the joint has a depending flange, or long 
toe, these difficulties are multiplied, while the exces- 
sively protruding parts of a joint, such as in the contin- 
uous section (Figures 28 — 7 and 28 — 8), often prevent 
the piece from entering the pass properly, by striking 
the rolls flrst or being a trifle colder than the rest of the 
piece. For similar reasons, it is difficult to make guides 
that will properly handle such sections, and they are 
prone to become cobbled or caught in the rolls of the 



Fio. 28—7. Diagrammatic cross-sections of two Fio. 28—8. Successive roll passes for the production of three 

types of rail-joint barSi with nomenclature typical rail-joint bars; (left) joint bar with toe; (center) 

of principal components. continuous rail joint, and (rhdit) joint bar without toe. 
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tables. The rolled section of joint bar is cut into con- 
venient long lengths for handling and sent to the joint 
bar shop for processing into finished joint bars. 

FINISHING JOINT BARS 

In general, rail-joint bars may be finished in one of 
three ways: First, all the operations of shearing to 
length, straightening, punching and slotting may be 
performed upon the cold pieces without heating in any 
way; the finished pieces then are referred to as cold- 
worked joint bars. Second, the bars may be heated, after 
shearing to length, and the work of punching and slot- 
ting be done while they are hot, after which they are 
allowed to cool in air. In this case they are called hot- 
worked joint bars. Third, instead of cooling the bars in 
the air after hot working they may be cooled by im- 
mersing them in oil, when they are designated as hot- 
worked and oil-quenched bars. It will be observed that 
in this latter method, as in the other two methods, the 
bars are sheared to length cold, hot shearing being im- 
practical, and hot or cold sawing too expensive. The 
hot- worked and oil-quenched joint bars possess such 
superior mechanical properties that practically all joint 
bars used on trunk-line railroads are finished by this 
process. 

Cold -Worked Joint Bars— The bars rolled in long 
lengths are first sheared to length, punched and slotted 
and then inspected for straightness and flaws. The dies 
of the shears are, in all cases, made to conform to the 
shape of the bars, so that a clean cut is made without 
in any way deforming the bar. For a similar reason, the 
bottom blocks, or dies, of the punching and slotting 
machine support the web while the punches descend 
from above, pushing the material through conforming 
openings in the blocks. All dies are made of the highest 
grav’e of special tool steels and are kept in the best pos- 
sible condition. In this way, the hole is made as smooth 
as it is possible to make it by punching. Bars of low 
carbon content are not adversely affected by the cold 
working but cold punching can injure bars of higher 
carbon content. One of the direct results of cold work- 
ing high-carbon steel by cold punching is to increase 
the hardness of the metal about the hole; the worst 
effect, which applies only to bars of high carbon content, 
is the formation of very small cracks which extend into 
the metal along lines perpendicular to the surface of the 
hole. The difficulties in punching, as well as the delete- 
rious effects of cold working, increase as the carbon 
content of the steel increases. As a rule, cold punching 
is applied only to the smaller joint bars with carbon 
content under 0.25 per cent. 

Hot- Worked Joint Bars— The order of procedure for 
the manufacture of hot- worked joint bars is: shearing 
to length, heating, punching, slotting, straightening, 
cooling and inspec^g. The “continuous” bar requires 
the additional operation of bending the base, which is 
usually accomplished on a combination folding and 
straightening machine. 

The furnaces employed for hot working are of the 
continuous type, operating temperatures of modem in- 
stallations being automatically controlled. After being 
sheared to length, the cold bars are laid upon water- 
cooled skid pipes and pushed into the furnace from the 
rear by electrically-operated dogs. The length of 
the furnace and rate of charging is such that about two 
hours are consumed in pushing each bar through the 
furnace. This time is sufficient to bring the bar to a 
working temperature of about 1500 to 1550 * F (810 to 
840* C) for 0.40 to 0.45 per cent carbon joint bars. The 
skids end near the ihont of the furnace, and the bars 
descend to a hearth or grate, whence they are removed 


with tongs or hooks through the doors of the fimiace. 

During hot punching of a bar, in order to avoid 
spreading of the metal and consequent distortion of the 
bar, it is necessary to employ a confining die; that is, the 
cutting die must be enclosed in a die block or frame, the 
upper surface of which, together with the die itself, 
conforms in shape to the inside surface of the bar. The 
straightening machines are presses provided with a set 
of dies for each size of each section. One die conforms 
to the size and shape of one side of the section and the 
second die to the other side, and both are set in the 
press so that at the end of the stroke the space between 
the dies is of the same shape as the bar and just equal 
to it in thickness. 

The harmful effects of cold working are entirely 
avoided by hot working, and, in addition, the reheating 
to a point just above the critical, or transformation, 
range tends to refine the grain structure and make it 
more uniform. 

Hot-Worked and Oil-Qucnched Joint Bars— The hot- 
worked and oil-quenched joint bar, at the present writ- 
ing, is the only heat-treated rail- joint bar in commercial 
use. Reheating of the bars after hot working is not re- 
quired because the operations of punching, slotting, and 
straightening can, with proper equipment, be done in a 
very short period and the bars delivered to the oil bath 
at a temperature satisfactory for quenching. 

A joint-bar shop is usually equipped to handle any 
t 3 rpe of rail-joint bar by any one of the approved meth- 
ods. To expedite handling of the bars, the shop is pro- 
vided with a cold shear for cutting the bars to length, a 
reheating furnace for heating prior to working, a punch- 
ing machine for punching the bolt holes, a similar ma- 
chine for slotting the bars, a press for straightening 
them, and an oil tank for quenching. All these appliances 
are arranged in series in the order given, so that each 
bar may be passed easily and quickly from one to the 
other. The punches and press are set close to the delivery 
end of the reheating furnace. An endless-conveyor chain 
running at a tmiform speed is employed to carry the bars 
from the straightener to the oil tank. The tank is rec- 
tangular in shape and provided with a link-chain con- 
veyor which slowly carries the bars through the oil, the 
speed of the conveyor and its direction of travel being 
so regulated that the bars, upon entering at one end of 
the tank, are carried down into the oil, across the tank, 
and up to the opposite end. Adequate cooling and cir- 
culating facilities for the quenching oil are included so 
that the oil may be maintained at an optimum quench- 
ing temperature. 

Welded Rail Joints — ^The joining of rails by welding 
the joints is being used by many railroads. The thermit 
process, the electrical method and the butt pressure 
method have all been used with tlie butt pressure 
method being most generally accepted for railroad in- 
stallations. One result of the application of welded rail 
joints has been to increase the demand for rails in long 
lengths of GO feet or more, which are produced at the 
present time in limited quantities. A typical example of 
welding rail joints as practiced by one of the major rail- 
roads in this country is as follows; Rails to be welded 
are held together end to end and a saw cut made at the 
junction of the two rails in order to produce parallel, 
clean and smooth end faces. A heating head with mul- 
tiple orifices brings the two rail ends to welding temper- 
ature and then pressure is applied through clamps 
placed on the rails. After the welding is completed, the 
upset metal at the weld is scarfed off using a frame to 
protect the rail surface adjacent to the weld. Subsequent 
to the removal of the welding flash, a normalizing treat- 
ment is applied to the weld area. 



Chapter 29 

STRUCTURAL AND OTHER SHAPES 


SECTION 1 


EQUIPMENT FOR PRODUCING SHAPES 


In rolling-mill parlance, the word “shape” is used 
interchangeably with the word “section” in describing 
forms of rolled material (except for geometrical shapes, 
which are known as rounds, squares, hexagons, etc.)- 
Shapes, or sections, are normally divided into two 
classes, structural and other sections. Structural sec- 
tions include standard items, such as I-beams, chan- 
nels, angles, and wide flange beams, and special sec- 
tions such as zees, tees, bulb angles, and car-building 
center sills. Other sections include such miscellaneous 
shapes as sheet piling, tie plates, cross ties, and those 
for special purposes. 

The production of shapes, as enumerated above, in- 
volves a number of processes which are generally com- 
mon to all of them. These processes include heating of 
the bloom, rolling to proper contour and dimensions, 
cutting while hot to lengths that can be handled, cool- 


collcctively as the fini.shing mill, usually employ rolls 
with a pitch diameter between 28 inches and 33 inches, 
and a body length of 68 inches. Cast rolls are used on 
these three stands, usually of carbon or alloy steel, grain 
or sand iron (see Chapter 23), the selection being based 
on service requirements. 

In modern mills all of these rolls are driven by elec- 
tric motors, with direct-current variable-speed revers- 
ing motors being essential for the breakdown stands, 
and preferred for all stands. On breakdown mills, the 
motor drives through a flexible connection to a two- 
high set of pinions, and through .spindles to the rolls. 
Most structural finishing mills drive the three stands 
from a single motor, through a single three-high set 
of pinions, the drive being carried by spindles from the 
pinions to the roughing rolls, and by other spindles 
from the roughing rolls to the intermediate rolls. Two 


ing to atmospheric temperature, straightening, cutting 
to ordered lengths, inspecting, and shipping. 

The heating of the bloom for largo sections is done in 
either of two types of furnaces, the in-and-out, or the 
continuous, which are described in Chapter 21. The in- 
and-out furnace is the more common of the two and 
serves nearly all of the older structural mills. A typical 
mill uses three furnaces of this type, having hearth 
areas about 18 feet by 36 feet. The newer mills tend to 
use continuous furnaces because of the greater econ- 
omy, one or two continuous furnaces being sufficient. 
Practical widtlis of this type furnace can accommodate 
blooms up to 30 feet long, and one furnace of proper 
length, designed according to the cross-section of blooms 
to be heated, can have sufficient capacity to supply a 
mill. To hold heat loss to a minimum, furnaces are 
usually located adjacent to a bloom -storage yard, or 
the delivery table from a blooming mill, or both, and at 
a minimum distance from the first stand of the mill on 
which shapes are to be rolled. 

A typical mill for the production of structural sec- 
tions is shown schematically in Figure 29 — 1. It has a 
two-high reversing breakdown stand in which the 
initial shaping is accomplished, followed by a group of 
three stands, arranged in train, where the rolling 
process is completed. The first of these three stands, 
known as the rougher, is three-high. The middle stand, 
which is known as the intermediate, is also three high, 
and continues the formation of the shapes to almost 
finished dimensions. The finishing stand, which is 
usually two-high, establishes the final shape of the 
rolled section. Under some conditions it is desirable to 
have a three-high stand for the finisher. The two-high 
breakdown stand is fitted with rolls of cast steel, either 


more spindles, connected to the middle and bottom rolls 
of the intermediate stand, drive the finishing rolls. 
Horsepower requirements vaiy, with 5000 horsepower 
being typical for breakdown stands, and 6000 horse- 
power typical for the finishing mill. 



COLO 


carbon or alloy, with pitch diameter typically 36 inches, 
and body length 80 inches. The roughing, intermediate, 
and finii^ing stands, which are sometimes referred to 


Fig. 29—1. Diagrammatic layout (not to scale) 
of a typical mill for rolling structural sec- 
tions. 
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Fig. 29—2. Schematic ar- 
rangement (not to 
scale) of a typical mill 
for rolling 'wide-flange 
beams. 
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The breakdown stand is normally served by station- 
ary roller tables equipped with mechanical manipula- 
tors. The shape is conveyed into, and received out of, the 
finishing mill passes by traveling, tilting roller tables. 

The mill equipment for the production of wide-flange 
beams is substantially different from that used in the 
production of other shapes. Two or three groups of roll 
stands may be used, with each group containing more 
than one set of rolls. Figure 29 — 2 shows the schematic 
arrangement for a typical mill. This mill has a roughing 
group of stands which consist of a two-high roughing 
edging stand, closely associated with a roughing main 
stand, which has two horizontal main rolls and two 
friction-driven vertical rolls in a single vertical plane. 
The rolls in the roughing edging stand have a nominal 
diameter of 30 inches at the working zone and a body 
length of from 20 inches to 48 inches varying according 
to the depth of section rolled. The roughing main rolls 
have a nominal body diameter of 52 inches with a body 
length matching the edging rolls. Vertical rolls in the 
roughing stand, having a nominal diameter of 42 inches 
and a face width of 18 inches, are friction driven by 
the shape about a roller bearing in their bore. The in- 
termediate group of stands is identical in all of the 
above particulars to the roughing group, with the ex- 
ception of the edging stand being on the opposite end 
of the main stand. The finishing stand resembles the 
roughing and intermediate main stands in that it has 
main and vertical rolls of the same size in like arrange- 
ment, but does not have edging rolls. The general ar- 
rangement of the mill is such that the hot shape from 
the blooming mill or reheating furnace enters first into 


the roughing edging stand and before clearing that 
stand enters the roughing main stand. The intermediate 
group of stands is placed a minimum distance to the side 
and one maximum shape length beyond the roughing 
group. The main intermediate stand is on the side 
toward the rougher and is closely followed by the in- 
termediate edging stand, again arranged so that a 
single shape is in both stands of the group simul- 
taneously (12^/^ foot centers). The finishing stand is in 
line with the intermediate group and 186 feet beyond 
the intermediate edging stand. Stationary roller tables 
are provided throughout with a short transfer mecha- 
nism to move the shape from the line of the roughing 
group of stands to the line of the intermediate group. 
All of these stands are driven by direct-current revers- 
ing motors, each individual stand having a separate 
motor, two-high pinions, and the necessary spindles. 
The roughing and intermediate main stands are driven 
by 7000-horsepower motors, and their respective edgers 
by 2000-horsepower motors. The finishing-stand motor 
is rated at 4000 horsepower. 

Rolled shapes are further processed with equipment 
which is substantially the same for shapes produced on 
the standard type of structural mill as on the wide- 
flange-beam mill. 

Removing ends not filled to proper section, commonly 
called “crop ends,” and cutting the hot shape into 
lengths which can be handled in further processing, is 
done with a hot saw. This equipment consists of a 
toothed circular saw blade mounted on a sliding frame 
and driven at high speed by an electric motor. Blades 
range up to 66 inches in diameter and copious water 
cooling helps maintain the cutting edges. The saw and 
its drive are moved on a sliding base at right angles to 
the hot shape so that the revolving blade cuts through 
the stationary shape. 

Cooling of the rolled shapes is accomplished by plac- 
ing them on a cooling bed which is a steel structure, 
arranged to support a continuous layer of shapes, while 
providing for a maximum circulation of air upward 
around them. A mechanism is provided to pidl the 
shapes sideways into place and to slide them across the 
bed onto the discharge table. 

Large shapes are straightened by roller-type straight- 
ening equipment, or a gag press. The former normally 
consists of seven or eight cast-iron or cast steel rolls 
assembled in a single housing with a single drive, driv- 
ing either part or all of the rolls. The top rolls are placed 
midway between the bottom rolls and may be moved 
vertically by screws. All rolls are arranged for axial 
adjustment. The gag press consists of a horizontally- 
reciprocating ram midway between two support points 
on a platen which is so arranged that it can be moved 
closer to or further away from the ram, thereby varying 
the amount of bend made in the shape. 

Cold cutting to final length is accomplished by shear- 
ing or cold sawing. The shears consist of a stationary 
bottom blade over which the shape is positioned, and 
a top blade which is forced down on the top of the shape 
to cut it through, either with a simple shearing action 
or by punching a slug, or short piece, out of the shape. 
The cold saw is similar in design and action to the hot 
saw, but is fed at a substantially slower rate. 


SECTION 2 

ROLLING METHODS AND PROCEDURES 

The practice of heating blooms for rolling into shapes charged. A typical mill charges ordinary carbon-steel 
varies with the quality of the steel, the size of the blooms received from the blooming mill at about 
bloom, and the temperature at which the blooms are 1800* F and heats them to 2250 F in approximately 45 





Fbl 2^-^ Roll pases for rolling standard beams by Fig. 29—4. Roll passes for rolling beams by the diagonal Fig. 29—5. Roll passes for producing a channel, us- 
atraiid^t-fianged method. method. ing early passes shared for rolling beams. 



535 


SHAPES 


minutes. On a mill using three in-and-out type fur- 
naces, normal operations find one furnace being 
charged, one heating, and the other being drawn, at a 
given time. Charging of the single layer of blooms in a 
furnace is begun as soon as the drawing has been 
completed. When steel at atmospheric temperature is 
charged, the heating to 2250 ®F requires about 2% 
hours for the average size bloom. Handling the blooms 
into and out of the furnaces is accomplished by charg- 
ing machines which grip the blooms on their sides. This 
necessitates a space between adjacent blooms of some 
six or eight inches as clearance for the charging- 
machine tongs. 

Rolling — ^Heated blooms are deposited by the charg- 
ing machine on the breakdown-stand approach table, 
which conveys them to the rolls. The manipulators, on 
the entry side of the mill, are brought into play to 
align the bloom with the first pass and to turn it about 
its longitudinal axis, if necessary. When properly 
aligned, the table rollers are revolved to feed the bloom 
into the first pass of the rolls. The rolls for the break- 
down-stand generally have three or more pass grooves, 
some of which may be rectangular blooming passes. 
The number of different shaped grooves in the rolls, 
and the number of passes made in each groove, vary 
with the section being rolled. After making the required 
niunber of passes through the first groove, the bloom is 
re-aligned for subsequent passes by the manipulators. 

Blooms processed through the breakdown-stand pro- 
gress over the stationary rollers of the delivery table 
to the traveling tilting table which carries the bloom 
into line with the first pass of the roughing stand. Since 
the finishing-mill rolls are not reversed during opera- 
tion, only a single pass is made through each groove. 
Similar tables on the opposite side of the finishing mill 
receive the shape from the first groove and enter it into 
succeeding grooves. Roughing- and intermediate-stand 
rolls usually contain from two to five pass grooves, 
while finishing-stand rolls are generally limited to a 
single pass on a shape. Finishers usually have duplicate 
grooves for the same section, or provide grooves for a 
variety of sections. 

The type of section resulting from the rolling process 
is determined by the shape of the various pass grooves 
through which the material progresses, with optional 
groups of pass shapes frequently being available for the 
production of a given section. In the case of standard 
beams, at least three different systems of passes may 
be used. 

The most common pass shapes used in rolling stand- 
ard beams are those of the straight-flanged method 
which are shown in Figure 29 — 3. This method owes its 
popularity to the large range of web thicknesses which 
can be produced from a single set of rolls, the ability 
to use the early passes for the production of channels 
as well as beams, and the small thrust loads transmitted 
by the rolls to the bearings. The versatility of the 
weights produced results from the relatively small total 
taper in the live or open flanges which permit rolls to 
be separated to produce heavier webs with a minimum 
thickening of the live flange. The most undesirable 
feature of this method is the relatively slight taper in 
the pass sides which reduces the gain on dressing and 
results in passes getting progressively wider and flanges 
relatively heavier when dressed, thereby limiting the 
life of the roUs. 

The butterfly method of rolling beams closely re- 
sembles the straight-flanged method. The outstanding 
difference is the fact that the live flanges are bent out 
to a much greater degree in all passes preceding the 
di^fishing pass. This results in greater ease of restoring 


ihe^ open flanges by dressing, but imposes a serious 
limitation on the range of web thicknesses that can be 
produced in a given set of passes. 

Figure 29 — 4 illustrates the passes used in the diagonal 
method of rolling beams. This method makes good pro- 
vision for the restoring of both flange thickness and 
pass width by dressing, but involves serious restrictions 
in the web thicknesses that can be satisfactorily pro- 
duced from a single set of rolls, and vastly increases 
the thrust loads that are imposed on the bearings which 
support the rolls. Since thrust-bearing wear permits 
longitudinal motion of the rolls with corresponding 
changes to the thickness of the open flanges, rolling 
difficulties result. 

The method of rolling a channel using early passes 
shared with a standard beam is illustrated in Figure 
29 — 5. This plan results in a smaller roll inventory, good 
flange control in the production of a large range of 
weights, narrower passes and stronger collars than 
can be had if the butterfly method is used. Figure 29 — 6 
shows the butterfly design. It has the advantage of 
producing channels which are filled to proper section 
very close to the ends of the rolled bars. However, this 
method of production results in relatively thin weak 
collars on the rolls and almost precludes the rolling of 
multiple weights. This is caused by the extreme thick- 
ening of the flanges in the early passes when the rolls 
are separated to produce a thicker web. 

Angles also offer the roll designer a choice between 
a number of proven rolling methods. Those most gen- 
erally approved today may be referred to as the butter- 
fly and the flat-and-edge methods. Typical passes for 
the butterfly angle are shown in Figure 29 — 7, The cur- 
rent popularity of this method is due to the relatively 
small crop loss on the shapes, the absence of vertical 
rolls or tviming for edging, and the ease of controlling 
the bending, which is slight in any one pass. Unde- 
sirable features of the design are the lack of propor- 
tional thickening of the various parts of each leg when 
rolls are separated to make heavy weights, and some- 
what poorer control of leg length. 

The flat-and-edge type of design can be seen in 
Figure 29 — 8. This method is popular on those mills 
having vertical edging rolls and is sometimes used 
where the shape is turned 90 for edging in a pass in 
horizontal rolls. Leg lengths are readily controlled in 
the edging passes and thicknesses remain uniform when 
rolls are set to produce heavy weights. These advan- 
tages are frequently offset by flbe difficulty in maintain- 
ing proper entry c^gnment of the section in the later 
passes where bending is drastic. Turning long lengths 
of hot, flexible steel for edging, where that is necessary, 
is also difficult. 

The special structural sections include shapes rolled 
rarely or for a single purpose. The passes used for the 
production of zee bars involve the same principles as 
the rolling of angles by the butterfly method, wi^ each 
half of the pass resembling an angle pass, and with the 
two halves being fitted together reversed. The half 
center-sill section, used in making modem railroad 
cars, is a special type of zee bar, being irregular in both 
thickness of the members and flange lengths. Passes for 
its production are included here (Figure 29 — ^9) be- 
cause of the relatively great demand for the section. 

Modem practice tends towards the production of tees 
by splitting a beam of proper size through its web 
to meJ^e two of the required sections. Some tees, how- 
ever, are still rolled as such. The rolls are unduly 
complicated and the actual rolling is difficult. Where a 
choice is offered, the rolling of tees is usually avoided 
because of the necessity of turning the section between 




-6. Roll for rolling a Fig. 29—7. Roll passes for rolling an angle by the Fig. 29—8. Roll pa^s for producing an angle by 

by the butterfly method. butterfly method, the flat-and-edging method. 
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passes to permit each of the two tapered flanges and 
the parallel stem to be worked alternately so far as 
possible, in open and closed grooves. 

One of the most interesting groups of sections pro- 
duced upon standard structural mills is the sheet-piling 
group. Usually produced in three general types, known 
as straight web, arch web, and zee, these sections have 
been adapted as wall members in both permanent and 
temporary structxires requiring strong vertical walls for 
lateral support, such as coffer dams, piers, dykes, break- 
waters, etc. In the rolling of piling sections, the usual 
problems are complicated by the necessity of bending 
Ae flange which has been rolled straight to form the 
interlock. Precise control of the bend is necessary since 
proper clearance within the interlock must be main- 
tained and the resulting opening between flange tip and 
thumb must be within close limits. The particular arch 
web section for which passes are shown in Figure 
29 — 10 accomplishes this bending of the flange in two 
steps in the leader and finishing passes. Attention should 
be given to the fact that the shaping of the section 
starts in the blooming mill. This is typical of most piling 
sections and large beams, and is the result of the large 
size of the sections coupled with their intricate shape 
which precludes getting enough passes into the limited 
space of the breakdown and finishing mills to properly 
form the section. 

While the rolling procedure for a section on the 
standard type of structural mill does not normally em- 
ploy the same pass groove for more than one reduction 
in the shape, multiple passes being limited to the 
breakdown stand and seldom exceeding three passes in 
a groove, the opposite situation exists on the wide 
flange beam mill. Here as many as fifteen successive 
passes are taken through the main and edging stands 
of the roughing group. In a typical layout, the main 
and vertical rolls of the roughing main stand and the 
rolls of the roughing edging stand are moved to new 
settings with respect to each other by an automatic 
screwdown control. With this mechanism, the operator 
sets in advance of rolling the reduction to be taken on 
each pass. Then, pass by pass, he advances the lever 
of the master control switch a notch, with each of the 
three sets of rolls of the roughing group moving closer 
together simultaneously to the new settings. The con- 
trol equipment is so designed that each of the three 
sets of rolls can be made to move different amounts, 
thus permitting proportional rather than like reduc- 
tions on flange and web. 

The equipment of the intermediate group of stands is 
practically the same as the roughing equipment. As in 
the rougher, fifteen passes are provided for in the con- 
trol equipment. In practice, the passes are divided be- 


tween the roughing and the intermediate stands in a 
proportion that gives equal duration of rolling cycle 
in each of the two stands. Since the shape at the rough- 
ing stand is relatively heavy and short, more passes are 
required there to balance the relatively few passes made 
on the elongated shape at the intermediate stands. 
Passes in actual use range from fifteen roughing and 
nine intermediate on sections requiring heavy overall 
work, to five roughing and three intermediate on the 
sections requiring a minimum of work; nine roughing 
and five intermediate passes represent the average con- 
dition. In all cases the intermediate passes are followed 
by a single finishing pass. In rolling wide-flange beams 
it is customary to roll a bloom which has, as nearly as 
possible, the same proportions as the finished beam. 
Each succeeding pass in the rolling cycle strives to 
maintain these proportions, resulting in reduction, pass 
by pass, being proportional. Since at no time after leav- 
ing the blooming mill are the flanges rolled in a closed 
groove, the loss in flange length is very small, and the 
rolling of beams with extremely high flanges is entirely 
possible. 

Rolled material from either of the described struc- 
tural mills is delivered by roller table to the hot saw. 
The blade of the saw is normally revolved in such a 
direction that the cutting edge is moving downward 
toward the shape. The action of the rapidly revolving 
toothed blade combines a mechanical sawing and melt- 
ing of the steel, the chips when thrown clear frequently 
being molten. Cuts are usually made at the hot saw to 
remove the crop ends, to part the usable material into 
lengths that can be handled for further processing, and 
to provide short test pieces. Tests are cut for the guid- 
ance of the roller in correcting defects in the section and 
for various mechanical tests which are part of the in- 
spection procedure. 

Cooling is accomplished by the natural circulation of 
air about the shapes on the cooling bed. The rate of 
cooling can, to some extent, be controlled, and is of 
relative importance. Cooling can be accelerated by 
maintaining space between shapes on the bed, and by 
providing ample space below the bed for the passage of 
cool air. Retarding of the cooling cycle results from 
putting the hot shapes on the bed in a solid touching 
layer. If cooling is too drasticaUy retarded, the size of 
the hot bed must be increased or rolling delays will 
result. On the other hand, too rapid cooling may result 
in mechanical properties outside the ordered range. 
Non-uniform cooling results in warpage of the shapes 
as they cool. This must be avoided in symmetrical 
shapes, if possible. Most non-uniform shapes warp 
during cooling, sometimes to the point that they are 
difficult to convey to the straightening machine. 


SECTION 3 

FINISHING AND INSPECTION 


When the shapes have been properly cooled they are 
conveyed again by roller table to the straightening 
machine. For the products rolled on the standard type 
of structural mill and the smaller wide-flange beams, a 
roller straightener is normally used. The first shape to 
be straightened is stopped in the machine while the 
rolls are adjusted latere^y to it. The top rolls are then 
moved downward to deform the shape with each suc- 
cessive top roll making less deformation than the pre- 
ceding one. This shape is backed out of the madiine 
and then run throu^ for most of its length. If not 
straight to the eye of the experienced operator it is 


again reversed in the machine. Further adjustment is 
made with this process being repeated until a straight 
shape is obtained. Subsequent shapes will require only 
slight alteration to the setting of the machine to com- 
pensate for wear and other variables. The larger wide- 
flange beams and some few standard mill products are 
straightened in the gag press. Here the process consists 
of advancing the stationary platen and the shape to- 
wards the reciprocating ram imtil a bend is accom- 
plished in the shape. The operator has full control of 
the point on the shape at which the bend will be made, 
the amount of the bend, and by turning on the table, 
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the direction of the bend. Bending strives only to offset 
initial crookedness. 

Cutting to final length fa accomplished by one of 
several means. The most commonly used process fa cold 
shearing. It fa applicable to angles, channels, standard 
beams and the smaller sizes of wide-flange beams. 
It is relatively inexpensive and results in good uniform- 
ity of length with minimum distortion of the sheared 
end. Cold sawing fa next in popularity, and fa used on 
most of the wide-flange beams, the larger sizes of 
standard beams, and on sections, such as piling, where 
shear distortion of the ends would make the section 
unusable. Cold sawing is more expensive than shearing 
and results in a ragged burr which must be removed by 
chipping. Flame cutting is available for extremely 
heavy sections and unusual applications. Where over- 
all length must be accurate, as in the case of columns, 
the ends may be milled. This results not only in close 
length tolerance, but in a reduction in the ends’ out-of- 
square allowance as well. 

Before the products rolled on the various mills may 
be shipped, Aey must be inspected for defects and 
tested for certain mechanical properties. This is ac- 
complished by two general methods. First, the test cuts 
taken at the hot saw are sent to the laboratory where 
tests are made to determine the mechanical properties 
of the material, such as tensile strength and yield point. 
The other method of inspection is visual inspection of 
the material on an inspection bed where the shapes are 
inspected for metallurgical defects, such as pipe, blister 


and scabby surface, and for dimensional variatioxis such 
as length, straightness, and out-of-square condition. 
Dimensions such as web or flange thickness, flange 
height, weight per foot, etc., are checked on tests taken 
at the hot saw by the mill inspector, and the roller then 
adjusts the mill to correct improper conditions. Special 
sections may require additional inspection. An example 
fa the slot and thumb on sheet piling. Chemical compo- 
sition of all material is known, as a record is kept of all 
rolled products showing the number of the heat from 
which it was rolled. 

The final steps are to .separate and assemble for ship- 
ment. The material then is loaded in freight cars, river 
barge, or truck, and shipped to its destination. 
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Chapter 30 

MERCHANT-BAR PRODUCTION 


SECTION 1 

MILLS AND THEIR PRODUCTS 


The name "merchant mill” is said to have been given 
in the early days of rolling to those bar mills which 
carried a stock of their product from which merchants 
selected bars at their convenience. The name has been 
carried over from that time and is still applied in the 
designation of modem bar mills, particularly those on 
which some of the small shaped sections are rolled. In 
other plants, the mills are designated simply as bar mills. 


Other designations sometimes used are %and bar mills” 
and "guide mills.” 

In the early mills, rounds and sharp-cornered squares 
were rolled by hand, that is, the bars were prevented 
from turning over in the passes by a tongsman, who 
forcibly held the bars in the proper position in the 
grooves throughout their passage through the rolls. As 
a general rule, the finishing stand of rolls was two-high 


SQUARE ENTERING 
OVAL PASS 



HAND ROUND ROLLING 
3 TIMES THROUGH FINISHING PASS 


Fig. 3S>-1. (Above) Schematic arrange- 
ment of a three-high and a two- 
high stand in train, set up for guide 
rolling of rounds. Note that the bot- 
tom roll of the three-high stand 
serves only as a spindle to drive the 
bottom roll of the two-high stand. 
(Below) Illustrating the use of tongs 
for preventing turning of the piece in 
a pass during hand rolling of rounds. 
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in these mills, thou^ in rare instances a three-high 
stand was used. In the two-high mill, the bar deHvering 
from a given pass was returned over the top roll for 
entering mto ^e next pass, and so on until the section 
was finished. This type of rolling was arduous and the 
length of bar that could be rolled under these circum- 
stances was limited to about 16 to 20 feet. 

This limited length that could be rolled’ in combina- 
tion with the heavy labor involved, led to the adoption 
of the so-called guide mills, in which rounds and sharp- 
cornered squares were held in the passes by close-fitting 
entering guides. To do this for rounds, it was necessary 
to devise a new pass design in which a square (or gothic 
square) was entered into an oval pass and the resulting 
oval was then entered on edge into a round finishing 
groove. By using an oval, closely fitting entering guides 
could be used that would hold the oval section in its 
proper position as it passed through the round groove. 

In the older hand-round method, bars entering the 
finishing groove were so nearly roimd that no enter- 
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ing could be devised which would prevent the 

bars from turning over in the grooves. Thus the guide- 
round design permitted the rolling of long lengths and 
this method has practically superseded the hand method, 
although, for various reasons, there are mills in which 
rounds still are roUed by hand. Figure 30-1 illustrates 
both the hand and guide method of rolling rounds. 

The mills in which rounds and squares were rolled 
by hand were referred to by the early operators as “bar 
mills,” whereas the mills using guides to hold up the 
bars were referred to as “guide mills.” What can be 
called the first bar miU was the two-high mill designed 
by Henry Cort in the latter part of the 18th century. 
Many of the early mills were driven by water wheels 
and it is known that two water wheels were used in 
some cases, one for each roll. Later, steam-engine drives 
became common. 

Crude as these early mills were, they were vastly su- 
perior to those in use prior to Henry Cort’s time. With 
these early mills as a start, the bar mill gradually be- 
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Fig. 30—3. Schematic arrangement of the stands and auxil- 
iaries for a looping mill, employing repeaters of the type 
shown in the inset at liie upper left on the three-liigh 
roughing stand as well as the two-high finishing stands. 
The three-high roughing stand is driven separately from 
the two trains of two-high finishing mill stands. 

came a more and more finished machine until, today, a 
modem bar mill can turn out in one day more tonnage 
than one of the pioneer mills could roll in a year. 

Evolution of the Bar Mill — ^As indicated, ^e first bar 
mills consisted of one two-high stand of rolls. The num- 
ber of stands was gradually increased and in time four 
to five stands in line (in train *), driven by the same 
engine, became the popular design. Various names were 
given to the stands of a mill of this kind, such as rough- 
ing for the first stand, strand for the second, pony or 
leader for the third, and finishing or planishing for the 
fourth. In a typical layout the roughing (first) stand 
was three-high; the strand (second) stand, three-high; 
the leader was two-high in a three-high housing, and 
the finishing stand was two-high. The leader was in a 
three-high housing to permit driving the leader rolls 
through the top and middle strand rolls, with which 
they were in line, while the top finishing or planishing 
roll was driven through the bottom leader roll, and the 
bottom finishing roll was driven by a spindle from 
file bottom strand rolL This spindle passed through the 
three-high housing of the two-high leader in the space 
where the bottom roll would have been if the leader 
had three rolls. Such an arrangement permitted the 
leader and finishing stands to operate with opposite roll- 

• Rolling mills are “in train” when they are set relatively 
close together, side by side, and the rolls of one stand are 
driven by connecting them to those of an adjacent stand, 
as In Figure 3(^1. 


ing directions. After the development of three-high 
stands, the number of stands for a bar mill was in- 
creased to as many as seven in line (in train). 

The drawback to this type of mill was the limited roll 
speed. The mill could be run only as fast as the 
roughlng-stand tongsmen could catch the bars. At this 
stand the bar was caught on the front end as it emerged 
from the rolls in order to return it into the next pass, 
and beyond a certain speed of rolling the momentum 
of the bar would tend to push the men off their feet. In 
the succeeding stands, the bars were smaller in section 
and longer, and the tongsmen caught the bar on the 
back end as it emerged from the rolls. Thus the bars 
could have been delivered faster for these men, but since 
the speeds in these stands were governed by that of the 
roughing stand, this could not be done. As a result of 
this limiting speed, tonnage was limited. 

In 1838, a separate roughing stand was added to the 
mills and this innovation became popular. A typical 
layout of this kind of mill is shown in Figure 30 — 2. In 
this design, the three-high roughing mill could be inde- 
pendently operated at a speed suitable for the best 
roughing practice, while the finishing train could be 
rim at a much higher speed. This combination mill was 



Fig. 30—4. Layout of the stands for a bar mill employing 
the continuous roughing principle, comprising an S-stand 
tandem continuous roughing mill supplemented by a 
12-inch four-stand and an 8-inch two-stand finishing 
train. All stands are two-high. 
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referred to as a BeUdan mill, as it was said to have 
originated in Belgium. The mill could roll longer lengths 
and finish them at a higher rate of speed and| conse- 
quently, could produce greater tonnage than earlier 
mills. 

As the next innovation, the Belgians and Germans in- 
troduced the looping of bars. In this practice, the bars 
in the finishing train, when they reached a stage in their 
reduction at which they were relatively flexible, were 
caught by the tongsmen on the front end as they emerged 
from the rolls and pulled around in a half circle and 
entered into the next pass. As a result of this practice, 
rolling time for a bar was appreciably reduced and more 
bars could be rolled per hour, producing greater ton- 
nages. Some of the more improved mills of this kind had 
two or three roughing stands in train, on the same hous- 
ing shoes, which permitted still greater production be- 
cause the roughing passes could be divided among the 
two or three stands. 

After the looping of bars became common practice, 
means were sought to eliminate, so far as possible, the 
manual looping of bars. A trough called a repeater was 
devised to conduct bars from one stand to another. The 
first successful repeater was put into use by W. McCallip, 
superintendent of a small bar mill in Columbus, Ohio, 
in 1877. For the most part, repeaters are used to direct 
the bar out of a square pass into the succeeding oval 
pass, while the tongsmen direct the ovals into square 
passes. Some mills also use repeaters for oval into 
square, in which case the oval must be twisted so that its 
longer axis is in a vertical position as it goes aroimd the 
repeater; otherwise it will jump out of the trough. 

In Europe, the production of the Belgian-type bar 
mills was further increased when two Austrians per- 
fected a repeater for three-high roughing stands. This 
repeater was a trough which conducted the bars, as they 
emerged from the passes, around a half circle and back 
into the next groove in the same roll stand, obviating 
the use of a tongsman who could not, in any case, work 
in such close quarters as would be necessary on these 
roughing stands. The repeaters were used on the last two 
or three passes in the roughing operation, when the bars 
were small and long enough to provide the necessary 
flexibility. Figure 30 — 3 shows a three-high mill repeater 
in use on the roughing stand of a mill in which the 
finishing stands have been divided into two groups, the 
second group being run faster than the first for increased 
production. The finishing stands employ two-high re- 
peaters for looping square into oval. Some mills in the 
United States use three-high repeaters of this type. 

Further improvement of the bar mills became possible 
with the introduction of the continuous roughing prin- 
ciple in 1882. Mills employing this principle consisted of 
an eight-stand tandem * continuous roughing mill and 
four finishing stands in line. Although such mills were 
first built for the rolling of rods, about 1900 several were 
built to roll bars from a 4-inch by 4-inch billet. Figure 
30—4 shows an improved type of this mill with two ad- 
ditional stands added for the rolling of smaller bars. 

The early mills of the type shown in Figure 30 — 4 had 
some serioiis disadvantages. As discussed in Chapter 19, 
since the cross-sectional area of a piece is reduced dtir- 
ing rolling, the piece leaving the rolls has a higher 
velocity thw that at which it entered, due to its being 
elongated. The continuous roughing stands of the early 
nulls had fixed speeds, with each successive stand run- 
ning faster than the preceding one by an amoimt cal- 

* Rolling mills are said to be **in tandem'* when they are 

arranged so that the rolled piece can progress from one 

stand to the next in a continuous straight path, as in the 

continuous roughing stands in Figures 30-^ and 39—5. 
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ciliated to compensate for bar elongation. The fixed 
speeds made it imperative to have perfect balance be- 
tween speed and elongation among the several stands, 
otherwise either the bars would be stretched or a loop 
would form between stands, either of which was un- 
desirable. At the same time, tlie distances between 
stands were relatively short, causing heavy pressure on 
the delivery guides used to twist the bars 90 degrees for 
entrance into each succeeding stand. This heavy pres- 
sure often resulted in injurious scratching of the bars by 
the guides and these scratches, when rolled in, gave the 
bars a seamy appearance. 

In the finikiing mill the four roll stands, being in one 
line (in train), are driven at the same speed. As there is 
a reduction in cross-sectional area of the bar in each 
succeeding pass through the mill, and consequently a 
corresponding elongation of the bar, a successively 
longer loop forms between each stand. As a result, the 
back end of the bar becomes colder than the front end 
because of more contact with the floor and longer ex- 
posure to the air, a condition which introduces a varia- 
tion in size of the ends of the bar as compared with the 
middle. 

A number of mills were designed to overcome these 
disadvantages. Some had the roughing line split into 


CONTINUOUS FURNACE 


14“ CONTINUOUS ■ 
ROUGHING 




Fio. 39—5. Arrangement of a bar mill employing a 6-ftand 
tandem continuous roughing mill, followed by a double 
finishing train. All stands are two-high. 
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Fig. 30-~6. Bar mill designed with a semi-continuous 
roughing arrangement followed by a four-stand con- 
tinuous roughing mill, supplying roughed-down billets 
to the four stands of the finishing mill. All stands arc 
two-high, and each is separately driven except for the 
two stan^ of the semi-continuous roughing set-up. 

two or three groups so that the bar would run out to 
its full length between the groups. The finishing stands 
were also separated into groups of two or more roll 
stands, each group being separately driven and at a 
higher speed than the preceding one. Thus, between 
each group of rolls, the loop could be kept at a minimum, 
though they still formed between the stands which were 
in train. Space does not permit showing all of the ar- 
rangements devised to eliminate long loops. 

A mill designed to overcome some of the disadvan- 
tages of these older mills is shown in Figure 30 — 5. In 
this mill, which has a double finishing train, the finish- 
ing stands have been divided into groups, with no more 
than two roll stands driven at the same speed. In each 
of these groups of two stands driven at the same speed, 
the second stand has rolls of larger diameter than the 
first in order to keep the loop between stands at a mini- 
mum. In a mill of this type the continuous roughing 
mill has sufficient capacity to supply both finishing 
trains, thus increasing production. Two billets can be 
sent through the roughing train, one for each finishing 
train. 

Figure 30 — 6 shows a mill with a semi-continuous 
roughing arrangement in which the first two stands are 
driven by one motor and the bar runs free after each 


stand. These two stands are followed by four continuous 
stands driven by individual variable-speed motors. The 
finishing unit is comprised of four stands, each one 
driven by an individual variable-speed motor at a suc- 
cessively increased speed. This miU, through the use of 
separate motors, permits excellent control over push 
and pull in the roughing stands, except in the first two, 
and, as the stands are a good distance apart, the heavy 
pressure on the guides experienced in the older close- 
coupled mill is relieved. In the finishing stands, the 
speed control provided by the separate motors permits 
close control of the length of the loop between any two 
passes. This mill was a considerable improvement over 
the older types. 

Figure 30 — 7 shows a bar mill of the cross-coimtry 
type which rolls a wide range of products. The mill has 
two hot-beds and finishes the large sizes out of stand 
No. 10. The smaller sizes are finished in stand No. 14 or 
No. 16. The mill is further distinguished by having a 
vertical roll stand immediately following stand No. 14 
and continuous with it. The vertical stand provides the 
means for rolling off all over-sizes or shoulders formed 
in the horizontal stand, giving a more perfect round. So- 
called precision rounds, which are rounds rolled to ap- 
proximately one-half standard tolerances, are finished 
through these two stands. The vertical stand is removed 
when finishing in stand No. 16 or when rolling to stand- 
ard tolerances. 

Figure 30 — 8 shows another cross-country design. 
This layout does not have any continuous stands and the 
bars run out free after each pass. The sections rolled on 
this mill range from ^/^-inch to SVe-inch rounds, squares 



Fig. 30—7. Schematic layout of the stands and auxiliaries 
for a bar mill of the cross-country type, employing the 
con^uous principle in the latter roughing stiuida. 
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Fig. 30—8. Bar mill of the cross-country type differing 
from that of the preceding illustration in that no con- 
tinuous stands are used and the bars run out free after 
each pass. 


in corresponding sizes, flats from 1 inch to 9 inches in 
width and other products of comparable dimensions. The 
larger size products are finished from stand No. 9-A, 
which has 16-inch rolls, and the smaller sizes are fin- 
ished from stand No. 12, which has 12-inch rolls. The 
distinguishing feature of the mill is that each stand has 
a variable-speed motor. 

The most modern of all the bar mill designs is the 
continuous mill with alternate horizontal and vertical 
rolls, an arrangement which, curiously enough, was 
embodied in the first continuous mill built by Bedson 
in 1862. The use of alternate horizontal and vertical 
stands obviates the necessity for twisting the bars, and 
the twist guides, with their tendency to scratch bars, are 
eliminated. The stands of the mill are spaced far enough 
apart so that a slight loop can be formed between 
stands. Individual variable -speed drives for practically 
every stand permit regulation of speed relationships to 
take care of bar elongation between stands, and the 
slight loop eliminates all push and pull between stands. 
The general principle of employing alternate horizontal 
and vertical stands was discussed in the description of 
the continuous billet mill at Lorain Works of National 
Tube Division in Chapter 25. 

Mills for Rolling Light, Narrow, Flat Material — Flat 
tliin material of narrow width is produced on various 
types of bar mills. This material is known as narrow 
strip, band iron, hoop, and cotton tie. When first pro- 
duced, this type of product was rolled on mills similar 
to the one shown in Figure 39—2, but as mills of this 
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type could not roll any large tonnage of such light 
weight material, better miUs were soon developed for 
the purpose. 

Figure 30 — 9 shows a modern mill designed to roll this 
thin material. This continuous mill produces compara- 
tively large tonnages of hoop, cotton tie, and narrow 
strip. In mills of this kind, the very narrow widths of 
the thin gauge materials are obtained by rolling a mul- 
tiple width of the material and tlien slitting the rolled 
piece (after it is cold) into the desired widths. This per- 
mits the mill to maintain a rate of production that could 
not be realized if very narrow widths were to be rolled. 

Rail -Slitting Mills — ^Rail-slitting milLs were first de- 
veloped when Bessemer rails were being rolled in large 
quantities and before open-hearth furnaces were com- 
mon. Bessemer rail scrap was a drug on the market, as 
it could not be used in any quantity in the Bessemer 
vessel. The rail-slitting mills, a number of which are 
still in use, solved the problem of utilizing this scrap by 
rcrolllng it into other and useful sections. 

Figure 30 — 10 illustrates a rail-slitting mill. These 
mills take a heated rail, usually 10 to 16% feet long, and 
run it through a two-high stand of rolls with sharp 
collars which cut through and separate head, web, and 
base. Each one of these parts is then rolled into a bar of 
some kind directly after it is slit. The products include 
rounds, squares, fence posts, angles, concrete-rcinforcing 
bars, fiats, and a variety of other small sections. The 
continuous stands shown on the drawing are used to 
bend and form a fiat, rolled from the base of the rail, into 
a cylinder which is then welded at the joint to make a 
tube or pipe. 
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Fio. 30—10. Schematic arrangement of the slitting mill 
and roll stands of a rail-slitting mill. Inset at upper left 
shows how the head, web and base of the heated rail 
are separated in the slitting mill prior to rolling each, 
without reheating, into a bar. This particular mill has 
three continuous stands (marked “tube rolls”) for form- 
ing a tube as described in the text. 

ROLL DESIGN FOR BAR MILLS 
The first roll designs for bar mills were very simple. 
They consisted of box passes, gothic passes, tongue-and- 
groove passes for flats, and so-called hand-round 
grooves for rolling roimds. 


3-HK3H GOTHIC ROUGHING 



Fig. 36—11. Rolls and passes for roUing a hand round, using 
gothic passes in the roughing and hand-round grooves 
in the finlahing roUs* The niimbers of the sketched passes 
correspond to the cross-hatched and numbered pass 
openiiW between the rolls above. 


3-HIGH STRAND ROLLS 2-HIGH OVAL LEADER ROLLS 



Fig. 30—12. Rolls and passes for rolling giiide rounds. The 
roughing rolls containing the nine gothic roughing 
passes are not shown. Numbers on the sketched strand, 
leader and finishing passes correspond to the cross- 
hatched and numbered i)ass openings in the respective 
sets of rolls shown immediately above. 

Figure 30 — 11 shows a design of passes and a sketch 
of the rolls for rolling a hand-round, using gothic passes 
in the roughing and hand-round grooves in the finish- 
ing rolls. Figure 30 — 12 shows a typical series of passes 
for rolling guide-rounds, using gothic roughing passes, 
strand open-square passes, and oval and round finishing 
passes. These two methods were extensively used in the 
older bar and guide mills. 

The gothic roughing rolls are not used to any great ex- 
tent today. The design has been superseded in most hand 
mills by the diamond roughing set. Figure 30 — 13 shows 
one of these sets, which are also used for roughing passes 
for hand-guide rounds. Figure 30—14 shows a line of 
passes for a guide round using diamond roughing 
grooves, oval and square strand grooves, and oval and 
round in the leader and finishing passes. The three-high 
strand rolls shown in Figure 30 — ^12 have a combination 
of oval and open-square passes, also diamond passes. 
The open-square passes referred to are of 94-degree 



DIAMOND ROUGHING PASSES 

Fig. 30—13. Rolls with diamond 
roughing passes of the type 
which has largely superseded 
gothic roughing passes for 
rolling rounds by either the 
hand or guide method. 

angularity. To make a 90-degree square using these 
grooves it was customary to go twice through the same 
size groove. 

The mill with the eight-stand continuous roughing 
arrangement and the looping finishing mills shown in 
Figure 30 — 4 used a 4-in(^ by 4-inch billet of not over 



'Diamond. ROUGHING passes 

STRAND LEADER FINISHING 

Fig. 30—14. Diamond roughing 
passes, oval and square strand 
passes, oval leader pass, and 
round finiihing pass for guide- 
round rolling. Dotted lines indi- 
cate ^ape of piece entering pass, 
corresponding to diape of piece 
out of preceding pass turned 90 
degrees. 
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225 poun^. Th 0 c«mtinuous stands were close together 

and a roU design was provided which would require the 
least possible twisting of the bars. The roll design on this 
mill provided for a 1 % 2 -inch round in 14 passes. The 
first and second passes were both flat ones in box 
grooves. The bar then was twisted 90 degrees into a 
hexagon«shaped groove (pass No. 3) and then on into 
pass No. 4, which was a square in the diagonal position. 
By using this design, only one twist of the bar was re- 
quired in the first four grooves. After pass No. 4, the bar 
was twisted 45 degrees to enter pass No. 5, which was 
an oval, and from there on the passes were alternately 
square and oval, the bars being twisted 90 degrees in the 
oval form and 45 degrees in the square form, before 
entering the next pass. The last pass, naturally^ was 
round. Passes Nos. 9, 10, 11, 12. 13 and 14 were looped 
by hand on this mill. 

^ mentioned e^lier, mills of this type roUing short 
4-incn by 4-inch billets, with their close coupled rough- 
ing stands and long loops, were not able to roll bars of 
close tolerance on the front and back ends of the bars. 
These disadvantages led to the adoption for modem 
continuous mills of 30-foot billets of IV^-inch to 3-inch 
squares. Rolling 30-foot billets produces bars more uni- 
form in section throughout their lengths because the 
back end of such a billet is still in the furnace and re- 
taining heat while the front end is emerging from the 
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Fw. 30—15. Series of passes for rolling a 2-inch square 
billet into a s^-inch round in ten passes, using an 
alternate oval and square reduction down to the finishing 
oval and round. Dotted lines indicate diape of piece 
enterii^ pass, corresponding to shape of piece out of 
I^oceifing pass turned 90 degrees. Per cent reduction of 
the piece in each pass has been calculated from the 
oross-sectional areas, as shown. 
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Fic. 30 — 16. Steps in the reduction of a 6-inch square 
billet to a l^^e-inch round in twelve passes on the 
cross-country mill shown in Figiure 30—8. Dotted 
lines in^cate shape of piece entering pass, cor- 
responding to piece out of preceding pass after 
turning the required number of degrees for proper 
entry. 


continuous roughing mill and, as the mills generally have 
good speed adjustment in the finishing stands, mill loops 
are kept at a minimum to insure uniformity of size 
throughout the rolled piece. 

Figure 30 — ^15 shows the pass design for rolling a 
2-inc^ by 2-inch billet on a modern-type mill into a 
s^^i-inch round in 10 passes, using alternate oval and 
square reduction down to the finishing oval and round. 

In the cross-coimtry mill types, somewhat different 
roll desigr^ are used. Figure 30 — 16 shows a roll design 
for the mill shown in Figure 30 — 8, which rolls many 
different grades of alloy steel, including stainless steel. 
The design shows the steps in reducing a 6-inch square 
billet to a l^ie-inch round in 12 passes. The first four 
passes are flat and edge, the flat passes being in plain 
rolls and the edging in box passes. The principal object 
in using these flat and edge passes is to break and free 
the bar of the scale that formed in the furnace during 
heating. In the first pass the roll pressure is on flie top 
and bottom of the piece; the sides are free and, being 
oomprened, crack ^e sc^ and allow it to drpp off. In 
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C - FLAT AND EDGE METHOD FOW 4 * x f FLATS 



Fig. 30 — 17. Diagrams A, B, and C show, respectively, bar- 
mill roll-pass designs for rolling square-edge flats by 
the tongue-and-groove, diagonal, and flat-and-edge 
method. Diagram D shows a typical set of passes for 
rolling round-edge flats. 

the next pass, the other two sides are free and the scale 
drops off here also. The next two passes repeat the same 
procedures. It is not practical to use this type of pass 
throughout the mill because box passes are not elRcient 
in drafting in the smaller sizes, and for this reason the 
next two passes are diamond and square, a form of pass 
which effects substantial reduction in cross-sectional 
area and also has the merit of contacting all sides of the 
bar at once. In the next two passes, oval and square are 
used as it is desired to have a heavy reduction in order 
that passes Nos. 9 and 10 may be more lightly drafted. 
Pass No. 9 is a slabbing or flatting pass which reduces 
the S^e-inch square to a rectangle measiming 29i6 by 
12)i2-inches. Pass No. 10 is called a “former” pass. The 
function of this pass is to rotmd the upper and lower 
edges so that the following oval will be well-rounded 
on the sides, for when the oval is rounded at the roll 
parting, scale will not readily adhere to it at this point 
When scale is present, it is rolled into the finished round. 
In some mills, a square is used to enter the round oval 
and, when so used on some grades of alloy steel, scale 
sticks to the bar at the roll parting and is rolled into the 
bar. 

Figure 30—17 shows three roll*pass designs for rolling 



A - I" OCTAGON B - HEXAGON C - ^"hEXAGON 


Fig. 30 — 18. Each vertical line of roll passes illustrates steps 
in rolling a different size of polygon. Method C is some- 
what uncommon. Dotted lines show shape of piece out 
of preceding pass and position on entering each succeed- 
ing pass. 



Pig. 30—19. Steps in rolling (A) one-inch sharp-cornered 
squares, (B) tr i a n gular file steel, (C) half-ovid file ste^ 
and (D) half-rounds on a merchant bar will 
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square-edge flats, and one design for round-edge flats, 
as used on bar mills. Figure 30— 17A illustrates a 
tongue-and-groove design used on a simple four-stand 
old-style bar mill. Figure 30 — 17B shows a diagonal de- 
sign used on some mills, while Figure 30— 17C shows the 
most popular design, one used on many modem bar 
mills, consisting of a flat and edge layout wherein the 
widths of the flats are regulated by edging grooves 


which at the same time give the section a square edge. 
This design permits the rolling of several sizes in the 
same grooves. Round -edge flats are commonly rolled as 
shown in Figure 30 — 17D. 

Octagons are often produced as illustrated in Figure 
30— 18A, but the most popular design for hexagons is 
shown in Figure 30— 18B. Figure 30— 18C shows an 
uncommon hexagon design used in one mill. 
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30— 2L BoU passes for producing various bars and shapes on a rail-ditting mill such as sho wn in Figure 30—10. 
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Fig. 3(^22. Roll passes for producing hoop and cotton tie on a merchant bar mill. 


Figure 30 — 19A shows a 1-inch sharp-cornered square 
design end Figure 30 — ^19B a design used for rolling 
triangular file steel. Figure 30 — 19C illustrates a half- 
oval design also used for file steel and Figure 30— 19D 
an arrangement for rolling half-rounds. 

On many merchant bar mills, small shapes are rolled, 
such as angles, channels, small beams, tees, small agri- 
cultural shapes, window sash, etc. Figure 30—20 shows 
a number of small sections and steps in their formation 
from the billet or slab. 

Rail-slitting mills, such as shown in Figure 30 — ^10, 
roll a variety of bars and shapes. These mills, of course, 
must confine their product to material which can be 
rolled from steel having the chemical composition of 


rail steel. Figure 30 — ^21 shows a number of typical bars 
and shapes produced from the various parts of a rail. 

Hoop and cotton-tie passes on the older mills were 
made by the tongue-and-groove method. The tongue- 
and-groove passes restricted the spread of the bar some- 
what and also regulated the width. A series of passes 
using tongue-and-groove in the next to the last three 
passes is shown in Figure 30 — ^22A. A later design is 
shown in Figure 30— 22B. In this design the flatting is 
done in plain rolls and the width is regulated by a ver- 
tical edging stand. These passes represent the design 
used in the first continuous hoop and cotton-tie roill of 
1895. The passes used in the most modem mills are of 
this same general design. 


SECTION 2 

FINISHING AND SHIPPING MERCHANT MILL BAR PRODUCTS 

Coordination of Finishing and Shipping Functions plants, and the coordination of these functions differs 
—The operations involved in finishing and shipping only as to location of the rolling mill or the type 
merchant bar products are essentially the same in all of products, arrangement of equipment, mode of trans- 
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Fig. 3(^— 23. Slow-speed 
saw for recutting steel 

bars. 
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portation, etc. The functions of finishing and shipping 
merchant bar products are: (1) To provide a method of 
identification, cutting, bundling or coiling the product 
at the rolling mill as a preliminary to its delivery to the 
finishing departments. (2) To straighten, stirface condi* 
tion, heat treat, inspect or otherwise prepare the product 
for shipment in the finishing departments, in accordance 
with specifications and in compliance with transporta- 
tion regulations. 

BAR FINISHING PROCEDURES AND EQUIPMENT 

Relation of Mill Delivery Equipment to Subsequent 
Finishing Operations—The type of rolling mill delivery 
equipment used has a very significant bearing on the 
straightness of the bar delivered for shearing. Most mod- 
em mills have certain features in the design of the 
hot beds— straight edges, kick-off equipment, roller 
tables and guides — ^to minimize bending and kinking 
that result in the necessity for subsequent straighten- 
ing. When rolling-mill design permits, straightening 
units should be installed in the hot-bed delivery roll 
train ahead of the shears. Such an installation gener- 
ally eliminates straightening as a finishing operation 
and necessitates fewer material handling steps prior 
to loading. 

methods of CUTTING PRODUCT TO LENGTH 

The cutting of merchant bar product in most plants 
is performed by one of the following methods or by 
combinations of these methods: (1) Cutting by mill 
shears, directly to ordered lengths if practicable, or in 
multiple lengths if necessary to facilitate mill delivery, 
the latter requiring subsequent recuttlng to a variety of 
shorter lengths in the finishing departments. (2) Re- 
cutting by a finishing-department shear to meet ordered 
^uirements, or for salvaging of portions of the product 
which may have surface or end defects. 

(3) Hot sawing of large rounds or sections which are 
not adaptable to hot shearing. (4) High-speed friction 


sawing where recutting is necessary after the straight- 
ening operation on a product previously cut by a mill 
shear or hot saw. (5) Machine cutting, which consists 
of the use of an abrasive cut-off machine, a hack saw, a 
cracker shear, or a slow-speed saw (Figure 30 — ^23), 


BAR GUIDES 



Fig. 30—24. Sketch showing end and top views of a typical 
two-roll unit for straightening rounds. 
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where the closest tolerance on end -squareness is re- 
quired, or where, by the nature of the product, recutting 
cannot be done satisfactorily by other methods. 

(6) Flame cutting, where the nature of the product 
and specifications permit the application of heat for 
rough cutting. 

MACHINE STRAIGHTENING 

Many merchant bar products require straightening 
after hot shearing at the mill. Straightening is necessary 
so that the product may meet either standard com- 
mercial tolerance specifications or any special specifica- 
tions. In the finishing departments this is usually ac- 
complished by roll-type machines, or by gag presses. 
The selection of the type of straightening equipment de- 
pends on the characteristics of the product and the end- 
use requirements. There are numerous commercial types 
of straightening machines, but they all are similar in 
principle and are fundamentally designed to process a 
specific shape within certain dimensional limitations. 
Or this basis, straightening equipment can be divided 
into three main classifications: 

(1) For flat product. This equipment includes multi- 
roll units for flats, squares, hexagons, etc.; and two-way 
roll units for straightening in planes at right angles in 
one pass. 

(2) For round products. This equipment includes roll 
units which rotate the product through either a two-roll 
(cross-roll) or a multi-roll unit, and gag presses. Fig- 
ure 30—24 illustrates a two-roll straightening machine. 

(3) For standard shapes and special sections. This 
equipment includes both light and heavy multiple-roll 
units having grooves to fit each separate section, gag 
presses (both vertical and horizontal, with interchange- 
able guides and adjustable stroke), and roll imits for 
shaping such products as small channels or U-bars 
which are hot rolled in an open form and then closed by 
cold forming before the straightening operation. 

SIZING, TURNING AND CENTERLESS GRINDING 

In the manufacture of merchant bar products, the de- 
sign and type of rolling mill or the characteristics of 
the steel frequently preclude the possibility of hot- 
rolling a round to within precise sectional or out-of- 
round limitations, or to roll a round with a surface suit- 
able for later fabrication requirements. When such re- 
quirements must be met, rounds are further processed 
in the finishing departments by such operations as sizing, 
turning, centerless grinding, or by combinations of the 
latter two. Bars to be processed by any one of these 
methods are hot rolled over-size by an amount pre- 
determined by experience. 

Sizing is applied to bars when a moderate reduction 
in section or an improvement in out-of-roundness is 
desired. It is performed by passing the bar through a 
two-roll or cross-roll straightening machine in one or 
more passes as required. Sizing can impart a cold-drawn 
appearance to the surface of the bar if the rolls are new 
and properly adjusted; however, it is not generally used 
for the purpose of improving the surface appearance. 
As sizing elongates the bar, due to reduction of cross- 
sectional area, re-cutting to length must follow. 

Turning improves the surface of a bar by the remov- 
ing of undesirable defects that may be present in the 
surface. It is applied on those types of steel, predom- 
inantly the alloy type and particularly the stainless steel 
group, where, due to the inherent characteristics of the 
product, it is very difficult and in some cases impossible 
to obtain a hot-rolled surface which can be utilized by 
the customer without the removal of a portion of the 
*'8kin** of the bar. Turning is accomplished by passing 


the bar through a turning machine or lathe, using one 
or more passes depending upon the amount of material 
to be removed. There are several designs of turning ma- 
chines used in producing merchant bar products, but 
they all are constructed according to a fundamental 
principle. They differ only in the arrangement of the 
revolving heads or the manner in which the bars are 
supported and fed to the revolving heads. In all tjrpes, 
a suitable cutting oil is fed to the tool or tools in the 
revolving head by a pressure system. In one type of 
machine, two cutting heads are mounted very close to- 
gether, in tandem, between two guide bearings. In an- 
other type, the revolving heads are a considerable dis- 
tance apart, separated by guide bearings. Due to the 
arrangement of the revolving cutting heads, the formei 
type is more adaptable for bars of short length, while 
the latter is more suitable for bars of long length. Turn- 
ing machines are made in various sizes and can handle 
rounds in sizes up to and including six inches and in 
lengths up to forty feet. The amount of metal removed 
per pass is dependent on the type of steel, and the 
diameter and the length of the bar. Removal of ap- 
proximately Vs inch on the diameter per pass is con- 
sidered normal for bars of medium or large diameter. 
Speeds of twelve inches to fifteen inches per minute are 
normal when removing this amount of metal. 

In finishing some grades of alloy and stainless steels, 
surfaces and dimensions are required that can be met 
only by centerless grinding. Centerless grinding differs 
from turning in that a grinding wheel is used for re- 
moval of metal instead of a cutting tool, and more ac- 
curate dimensions and better surface finish are obtained. 
The centerless grinding machine is constructed so that 
the bar is supported under the greater portion of its 
length as well as under the grinding wheel, rather than 
at the ends. This design enables the machine to operate 
to close tolerances by elimination of axial thrust, always 
present when a bar is supported at the ends. A suitable 
coolant is used on the grinding wheel or wheels. Most 
commercial centerless grinding machines are con- 
structed to handle round bars up to four inches in 
diameter, in ranges of approximately one inch in di- 
ameter. When the diameter of the bar must be reduced 
materially, it is more economical to remove a large por- 
tion of unwanted metal by the turning machine before 
centerless grinding. Standard centerless grinding ma- 
chine tolerances are ±0.002 inches on bar sizes up to 
two inches in diameter and ±0.003 inches on larger sizes 
up to four inches in diameter. 

In some cases a highly polished bar is desired rather 
than the standard centerless ground finish. The polished 
finish is produced by passing centerless ground bars 
through a polishing or lapping machine. This machine 
is similar to the standard centerless grinding machine 
except that the grinding wheels are composed of a fine 
grit and the bar-supporting apparatus is constructed to 
operate within very narrow limits of accuracy. Polishing 
or lapping tolerances are one-half of those for standard 
centerless grinding. In precise polishing or lapping of 
long bars, it is very difficult to keep within these toler- 
ance limits because of the wear of the grinding wheel 
and the spring of the metal. For these reasons, more pre- 
cise tolerance limits than those stated above are not 
considered practical for commercial products. 

Processing Bar Coils — ^There are some manufacturers, 
such as bolt, rivet or cold-drawn steel fabricators, who 
find it more convenient and economical to obtain bars 
(either rounds, squares, hexagons, or fiats) in coil form 
rather than in straight lengths. As most of the smaller 
bar and rod mills are not equipped with flying shears to 
crop the front and back en^ of a coil, it is necessary to 
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complete this operation in the finishing department of 
the mill. Variations in the process for cropping coils, 
depending upon available equipment, will be found at 
the varioxis plants. The most widely used equipment is 
a long conveyor, sometimes over 1,000 feet in length, 
equipped with hooks spaced approximately ten feet 
apart, which pick up the coils from the mill coiler and 
carry them to the end of the conveyor. While the coils 
arc moving along the conveyor, the ends are cropped 
cither by a small shear or by flame-cutting. As the coils 
proceed further, they cool considerably, and then can 
be inspected and wired or banded securely. A shipping 
tag is attached, following which each coil is spark-tested 
as a final check of identification. By the time the coils 
have reached the end of the conveyor, they arc cool 
enough to be loaded into the railroad cars for shipment. 
In some plants having high speed mills, where cutting 
to length would seriously retard output of the mills, bars 
which finally are to be shipped in straight lengths first 
are rolled in coils; subsequently, in the finishing depart- 
ment, they are tlien uncoiled, straightened, and sheared 
to length on a processing line designed for the purpose. 

PICKLING 

Stationary or Vat Pickling — Pickling is the term given 
the descaling process by which the hard black oxide 
lormcd on the surface of a bar during hot rolling is re- 
moved by chemical action. The removal of hot-rolled 
scale by pickling may be performed in order to: (1) pre- 
pare the surface of the bar for inspection, (2) prepare 
the product for ultimate end use. Pickling is also used, 
though to a much lesser degree, to remove the slow- 
forming red rust that develops on bar products after 
long exposure to air. Stationary or vat pickling in its 
simplest form consists of immersing the steel bars in a 
dilute acid bath, which is held at a predetermined tem- 
perature, and permitting them to remain stationary tin- 
til the pickling action is completed. Most modern instal- 
lations have improved the method by including moans 
of keeping the bath in motion or agitation. Stationary 
or vat pickling is one of a number of pickling methods 
which are classified according to the manner m which 
the operations are conducted. Other methods of pickling 
and equipment are described elsewhere in the text. 

The stationary or vat pickling method for descaling 
bars has been used with success and reasonable economy 
where the best established procedures are followed. A 
number of variables, both chemical and physical, deter- 
mine the procedure to be followed, the design and 
capacities of equipment, and the lay-out to be used in 
the construction of a unit. Beginning about 1935, con- 
siderable data have been published concerning the 
pickling process, many of these being more or less em- 
pirical. Study of these data indicates that there is 
considerable difference of opinion as to what actually 
takes place as the iron oxide is removed. One theory 
proposes that the scale or oxide layer is relatively less 
soluble than the iron underneath and that the acid solu- 
tion, passing through tiny cracks or fissures in the scale 
(formed by differences between the cooling rates of the 
uietal and scale), reacts chemically with the bonding 
structure between the underside of the scale and the 
true metallic surface of the bar. In this reaction hydro- 
gen gas is liberated which, it is claimed, dislodges the 
scale particles. A second theory proposes that the acid 
solution attacks the iron oxide or scale, resulting in its 
actual dissolution in the pickling bath. A third theory, a 
combination of the first and second, proposes that there 
Is a preferential dissolution of the surface of the scale 
by the acid, followed by the penetration of the acid 
solution through tiny cracks or holes to the base metal, 


where it attacks the bonding structure and liberates hy- 
drogen gas. The hydrogen gas, as in the first theory, is 
said to serve as an agent in lifting the scale in small 
particles from the surface of the bar. 

A large majority of the various types of steel bars can 
be pickled by the stationary or vat method, providing all 
factors pertaining to the physical and chemical variables 
of the process are taken into consideration. The effi- 
ciency of scale removal by pickling varies considerably. 
The scale on some types of steel bars can be removed 
readily, while on others, considerable difficulty is en- 
countered. The pickling of hot-rolled low-carbon steels, 
for example, is done with little difficulty and the scale 
can be removed readily by the use of a sulphuric-acid 
solution. On hot-rolled high-carbon steels or alloy 
steels, however, many difficulties are encountered in 
the removal of scale. On high-carbon steels, a bad dis- 
coloration in the form of a black smudge of carbo- 
naceous, insoluble material is the chief difficulty. The 
black smudge is particularly undesirable when close in- 
spection must follow. On alloy steels, the hot-rolled 
scale is not removed as uniformly as in the case of the 
low- carbon steels. This condition can be attributed to 
the differences in chemical composition of the scale. By 
proper selection of acid or acids, by the selection of the 
most effective acid concentration, by adequate agitation, 
by use of proper bath temperature and the inclusion of 
an effective inhibitor, the pickling of high- carbon and 
alloy steel bars can be accomplished successfully. On 
the very high-alloy steels, such as the stainless group, 
pickling cannot be accomplished successfully in 
sulphuric-acid solutions alone, even at high acid con- 
centration and elevated bath temperatures. Stainless 
steels are pickled in baths containing sulphuric plus 
another acid, another acid alone, or by a combination 
of other acids. The choice of the acid combination and 
concentration depends upon the characteristics of the 
steel to be pickled and the finish desired. The most com- 
monly used acid for pickling is sulphuric. Other acids 
used in this method are hydrochloric (muriatic), nitric, 
and phosphoric. 

Another factor affecting scale removal on hot-rolled 
high-carbon or alloy steels is the thermal treatment, 
such as normalizing or annealing, to which the bars may 
have been subjected. Bars so treated are difficult to 
pickle and, in some cases, the attendant pitting of the 
product is so severe that other methods of removing the 
scale must be employed* 

The equipment for stationary or vat pickling consists 
of three tanks. The first tank is used for the dilute acid 
solution or pickling bath; the second contains only water, 
for washing the steel bars after immersion in the pick- 
ling bath; the third tank contains an alkaline liquid 
(lime water), for neutralizing any acid which remains 
on the bars after washing. 

Tanks or vats containing the dilute acid solution or 
pickling bath can be of several types and are constructed 
of various materials. They must be water tight and ca- 
pable of resisting attack by the acids used in the pickling 
solution. They are constructed either of wood, concrete, 
brick, or metal lined with wood. When wood Is used for 
the tank or when it is used as a lining, cypress has been 
found to be the most durable. Recently, improvements 
in tank construction have been realized by using acid- 
resistant brick or terra-cotta tile as a lin^g for either 
wood, concrete or metal tanks. The acid-resistant brick 
or tile is laid in courses, with an acid-resisting mastic 
cement as a binder. Rubier is also used for lining tanks 
and has given excellent service. The practice of lining 
stationary or vat pickling tanks with sheets of lead is xu> 
longer looked upon with favor, because experience over 



554 


THE MAKING, SHAPING AND TREATING OF STEEL 


the years has indicated that the lead lining is susceptible 
to cracking under the rapid temperature changes which 
are prevalent in this method of pickling. 

In addition to the three tanks required for the pickling 
operation, bar*mill finishing^department equipment 
usually includes a steel tank, containing a rust- 
preventative oil into which the bars are dipped in order 
to provide adequate protection against subsequent rust- 
ing. 

As a coating of lime may be specified on bars, par- 
ticularly those to be cold drawn, an additional tank for 
this purpose is generally part of the equipment. The lime 
coating serves as a lubricant in the cold-drawing proc- 
ess and reduces wear on the dies. It is applied after the 
washing and neutralizing stages of the pickling process. 
Die tank for lime coating generally is constructed of 
steel and, as the lime should be kept in suspension in 
the water, a means of providing continuous agitation is 
usually a part of the installation. Pickling, washing, 
neutralizing, and liming tanks should be equipped with 
proper means of heating the bath and provision must be 
made for proper means of disposing of the waste solu- 
tions. 

The efficiency of a stationary or vat pickling tmit de- 
pends in a large measure upon the manner in which a 
multiplicity of similar pieces can be arranged and im- 
mersed in the pickling solution or in the washing, neu- 
tralizing, oiling or liming baths. The entire surface of 
each individual bar must be exposed if the best results 
are to be obtained. For this reason, various designs of 
crates and racks have been developed, one of which is 
shown in Figure 30 — 25. The steel bar product to be 
pickled is placed in tiers on the crates or racks. In the 
tiers, the bars are kept apart by separators which are 
called combs. These combs are designed to permit ade- 
quate spacing between each bar to allow for free circula- 
tion of the acid solution aroimd them. The racking or 
placing of the steel bars on the fixtures for pickling is 
done manually. The materials used in the construction 
of the crates, racks, separators, and combs must be of 
acid-resisting metal and of a strength sufficient to carry 
the weight of the load. 

When conditions and specifications permit, steel bar 


product that has been coiled is pickled by passing a chain 
through the open center of a group of coils, and attach- 
ing the ends of the chain to the hook of an overhead 
crane. Such a group of coils is referred to as a ‘lift,” 
and is suspended in the pickling tank by the crane. Iliis 
practice is referred to as chain pickling. Chains used in 
this work also must be made of acid-resisting metal. 
Monel metal or aluminum-bronze alloys are used in 
many parts and fixtures, including the chains. 

Steam has been the most widely used for heating 
pickling baths, but, the submerged gas burner method, a 
relatively recent development, has become popular with 
many operators. Where steam is used, suitable piping for 
conducting the steam into the bath is necessary. Ade- 
quate and convenient steam-input controls must be pro- 
vided in the form of valves, either hand operated or 
automatic in action, in order to maintain the bath as 
nearly as possible at the proper temperature. When 
steam is introduced directly into the bath, care must be 
taken to avoid direct impingement against the sides or 
bottom as this will result in rapid erosion and damage to 
the tank. Also, the introduction of steam directly into 
the pickling bath results in an increasing dilution of the 
bath, which requires the addition of more acid to main- 
tain the solution at the proper concentration. 

The submerged gas burner provides for burning gas 
and air under automatic control in submerged burners. 
The hot waste gases from the burners are conducted into 
lead tubes which run the length of the tank on the bot- 
tom. This method heats the pickling bath quite effi- 
ciently, and the waste gases, which are forced out tmder 
pressure through holes located throughout the length 
of the tubes, provide the desired agitation of the bath. 
When this type of heating equipment is used, however, 
care must be taken to avoid accumulation of sludge and 
scale in the bottom of the tank. If the lead tubes become 
completely covered with sludge and scale, they are 
shielded from the pickling solution in the tank, become 
overheated, and are destroyed. 

When a new pickling bath is to be prepared, the tank 
first is filled to approximately three-fourths capacity 
with water. Acid in an amount to provide the proper 
concentration is run into the tank, and then enough 
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Pig. 30—25. Loaded pick- 
ling rack, showing how 
combs keep bars sepa- 
rated to allow free cir- 
culation of acid solu- 
tion. 
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water is added to bring the solution to an operating 
level. The heat is then turned on and the bath is brought 
to the operating temperature. When placing products 
in the pickling bath, care must be taken to avoid any 
rapid or irregular movement that may splash acid solu- 
tion over the sides of the tank, where it rapidly attacks 
the outer tank shell, concrete floors and tank founda- 
tions. It is very important that wash tanks be emptied 
frequently, as acid in damaging amounts builds up in 
the wash water and interferes with the proper function 
of the washing operation. 

The surface of steel bars to be pickled must be free 
from oil or grease, as these materials protect the surface 
from the action of pickling solution. Any substance on 
the bars which may serve to contaminate or neutralize 
the acid solution must be removed before they are im- 
mersed in the pickling bath. After the steel bar product 
is washed and dipped into the neutralizing bath, it is 
further safeguarded against rusting by being thoroughly 
dried. Live steam and sometimes air, blown against the 
bars as they hang suspended in the rack, are used for 
tliis purpose. 

Summarizing, the factors controlling the rate of pick- 
ling and the iron loss arc: (1) acid concentration, (2) 
temperature, (3) time in bath, (4) percent of iron 
(ferrous) sulphate in the bath, (5) presence of inhibi- 
tors, and (6) agitation of the bath. Frequent tests of the 
bath should be made. Not only will the testing of the 
pickling solution reveal the concentration of the acid 
bath, but will also show the rate of iron dissolution into 
the bath, thus giving a good indication of the efllcicncy 
of the pickling operation. If the rate of iron increase in 
the solution is rapid, it indicates that the true metal is 
being attacked severely. Under such operation, not only 
is the wastage of acid high, but also the loss in weight of 
the steel bars becomes excessive. When the iron content 
of the pickling solution reaches approximately 0.5 lb. 
per gallon, the bath is considered to have little further 
use and is ready to be dumped. Testing the pickling 
solution for acid and iron can be done very readily by 
titration. 

Temperature of the Pickling Bath — The significance of 
this factor should be understood clearly. By raising the 
temperature of tlie pickling bath the action of the acid 
solution upon the scale can be increased greatly, for 
the particular pickling job at hand. It should be remem- 
bered, however, that while increasing the temperature 
of the acid solution speeds up the pickling action on 
the scale, it also increases the tendency of the acid 
solution to attack the steel itself. When the metal is at- 
tacked, the iron reacts with the acid and goes into solu- 
tion in the form of the salt of the particular acid or acids 
used. As the amount of iron salts in solution increa.se 
toward the point of saturation, the efflciency of the 
process decreases very rapidly. This may necessitate the 
addition of more acid to the bath or, possibly, the com- 
plete replacement of the bath with a new acid solution. 
The trend with some operators is toward the use of lower 
acid concentrations and lower bath temperatures. The 
practice requires more time per ton of steel pickled, but 
the quality of the work is improved. Less metal is lost 
from the surface of the bar and less acid is consumed in 
the process. 

An inhibitor is an agent added to the pickling solution 
for the purpose of protecting the exposed surface of the 
metal of the bars, by inhibiting or retarding acid attack 
upon the metal without affecting, to any appreciable 
degree, the pickling action which removes die scale. 
The inhibiting action is not understood clearly but is 
generally explained by the electrolytic theory of cor- 
rosion. Inhibitors show little change and lose little of 


their efficiency during the pickling operation. However, 
they may be broken down and their function destroyed 
by overheating. Many different substances are used as 
inhibitors in acid pickling. They range from vegetable 
or animal matter to complex synthetic organic chem- 
icals. The prime requirement.s of an inhibitor are that it 
must disperse colloidally in the bath, prevent hydrogen 
evolution and not leave a smudge or film on the surface 
of the steel. Many inhibitors contain sub.stances that 
cause foaming, and the floating layer or V^lanket of foam 
on the bath prevents the escape of acid with escaping 
gases and vapors. As inhibitors are expensive and only 
a small amount is needed for desired results, less costly 
foaming substances are added separately by many oper- 
ators when increased foaming activity is desired. 

Common difficulties encountered in pickling are over- 
pickling, under-pickling, smudge and pitting. Over- 
pickling may be defined as the etched appearance of 
the surface of a product caused by over-activity of the 
acid solution. Conversely, under-pickling may be de- 
fined as incomplete removal of the scale due to limited 
activity of the acid solution and/or the use of too low a 
pickling temperature. Smudge is a carbonaceous precipi- 
tate or stain which forms on bars of high carbon content. 
Pitting may be defined as the appearance of crater-like 
indentations on the surface of the bar, which may re- 
sult from over-activity of the acid solution on the metal 
in areas where scale has been loosened mechanically or 
removed prior to the pickling operation, or as the result 
of an electrolytic action taking place in areas where 
there are concentrations of dense scale on the surface. 

GRIT-BLASTING 

Grit-blasting or blast-cleaning is a mechanical process 
used for removing scale and rust on merchant bar prod- 
ucts. It consists of eroding or abrading away the scale 
from the surface of the bar by impinging an abrasive 
substance like sand or alumium oxide, or a metallic sub- 
stance like cast-iron shot. The abrasive material may be 
directed against the work by air under pressure or by a 
mechanical apparatus utilizing centrifugal force. All 
types of steel bar products and shapes can be cleaned 
successfully by this method. As a result of the difference 
in economy of operation between the grit-blasting and 
the pickling method, the former generally is confined 
to the cleaning of one of the following types of products: 
(1) those which must have certain physical character- 
istics essential to subsequent processing; (2) those which 
cannot be cleaned satisfactorily by the pickling method 
after such thermal treatments as normalizing or anneal- 
ing; (3) those with high alloy content whose scale cannot 
be removed satisfactorily by ordinary pickling methods. 

The principal difference between the various types of 
grit-blasting equipment is in the means employed for 
throwing the grit or shot against the work. One type of 
grit-blasting machine makes use of centrifugal force 
generated by a rotor or impeller which rotates at a very 
high speed. Grit in the form of metal shot is fed from a 
hopper into the revolving rotor through an opening in 
the center of the rotor housing. The shot, on entering 
the revolving rotor, is picked up by the rotor vanes and 
is thrown by centrifugal force away from the center of 
the rotor toward its periphery. From the periphery, the 
shot is directed outward to impinge on the work at the 
angle desired for the best abrasive effect. Since this t3rpe 
of machine develops its abrasive characteristics on the 
basis of the velocity and the weight of the particles, 
lighter grit, such as sand, cannot be used satisfactorily. 

Another type of machine employs compressed air or 
forced air from a blower for throwing the grit particles. 
There are several modifications of this principle, but in 
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each type the grit is permitted to entrain in a fast- 
moving air stream and is directed upon the surface of 
the work through a hose having a nozzle designed for 
the purpose. The lighter grit is xised most effectively 
with this type of equipment. The material used for, and 
the size of, the grit or shot in blast cleaning are dictated 
by the requirements for a given job and, as previously 
noted, by the type of equipment in which it is to be used. 

From the standpoint of density, grit can be divided 
into: (1) the light, and (2) the heavy. Light grit is a non- 
metallic inorganic material with excellent abrasive char- 
acteristics. It is purchased according to particle size. 
Examples of light grit are the widely used natural abra- 
sive known as Ottawa sand and the synthetic abrasive, 
aluminum oxide. Heavy grit is principally of the metallic 
type such as cast-iron shot. Like the light grit, it is pur- 
chased according to particle size. Metallic grit is the type 
most generally used on merchant bar product. 

The chief advantages of grit blasting are: (1) it leaves 
the surface of the bar with a bright metallic finish with- 
out any adhering scale; (2) it is capable of cleaning a 
number of types of products that cannot be cleaned suc- 
cessfully by pickling; (3) it does not produce such phys- 
ical or chemical conditions as over-pickling, under- 
pickling, smudge or pitting which may attend the 
pickling process. The disadvantages of grit blasting are: 
(1) only a few bars can be processed at one time in the 
blast machine; (2) as the grit or shot builds up with 
scale the efficiency of the cleaning effect is decreased; 
(3) the bars are difficult to inspect for surface defects 
because of the peening action of the grit or shot; and (4) 
the cost per ton of steel cleaned is greater than the cost 
of pickling. 

Grit blasting does produce minute indentations on the 
surface of the product which are more beneficial in some 
subsequent fabrication operations than they are detri- 
mental. The size of these indentations and their shape 
serve to produce a surface sheen or finish determined 
somewhat by the particle shape and size of the grit. The 
character of this sheen or finish is very important where 
cold-drawing operations are to be performed. As a grit- 
blasted steel surface is very susceptible to rusting, bars 
cleaned by this method must be protected immediately 
from moisture and alkaline or acid vapors. Also, when 
a bar is grit-blasted with cast-iron shot, particles of the 
shot have a tendency to adhere to the product and will 
cause rapid rusting or corrosion on some types of steel 
if they are not removed immediately. In such cases the 
grit-blasting operation must be followed by a light 
pickling operation. 

BAR INSPECTION AND TESTING 

Inspection — In order to produce satisfactory bar prod- 
ucts it is important that an adequate quality control 
system be established and maintained. This system 
should include mechanical and metallurgical testing as 
reqviired. and the inspection for surface or other defects. 
The procedures for making mechanical and metallur- 
gical tests and the inspection of steel prior to rolling in 
the merchant mills are covered in other chapters of 
this book. The inspection of merchant bar product in 
the majority of plants is carried out along the same gen- 
eral lines and can be divided into two divisions; (1) mill 
inspection, and (2) finished product or final inspection. 
The duties and responsibilities of the inspection forces 
in these divisions must be thoroughly co-ordinated to 
accomplish the best results. 

Mill inspection is performed during the rolling process 
and Is the means of minimizing or preventing discrep- 
ancies at the source. The duties of the inspector at the 
mill are: (1) to check the identity of the steel being 


rolled, (2) to inspect the surfaces of the product to de- 
termine its suitability for further processing in the fin- 
ishing departments or in its final intended use, (3) to 
check section and length of the product to determine its 
suitability for application on a particular order, and (4) 
to procure necessary samples for mechanical or metal- 
lurgical tests. The inspection of the finished bar products, 
on the basis of commercial standards or for dimensions, 
straightness, surface defects, and other items of form 
as may be required, is carried out upon completion of 
the finishing end operations at designated units. 

The duties of the final inspector are in a measure a 
repetition of the duties of the mill inspector, with the 
additional responsibility of checking and posting heats. 
The checking and posting of heats is a method of report- 
ing the amount of product accepted or rejected (per 
heat) on an order, with reasons for further processing 
or for rejections. The final inspector must lay par- 
ticular emphasis on surface quality if the product has 
been conditioned and straightened. Various tools are 
required for inspecting merchant bar product. A list 
of these tools and a brief description of their use follows: 
(1) micrometers and calipers, for measuring the section 
of rounds, fiats, and squares; (2) snap gages, for preci- 
sion rounds; (3) tape, for measuring length; (4) slide 
scales, for measuring width; (5) protractors, depth gages 
and radius gages, for shapes; and (6) the square tool for 
measuring ofT-squareness. 

Surface defects, as well as other defects which cause 
the rejection of merchant bar products, may be the re- 
sult of steelmaking practices which carry through from 
the ingot or may be caused by the rolling mill equip- 
ment used to produce the product. A list follows giving 
the general mill terminology of the most regularly 
occurring types of mill defects and a brief description 
of each: 

1. Fins and overfills are protrusions formed when the 
section is too large for the pass it is entering, or 
when proper allowance has not been made for 
lateral spreading in the rolls. Overfills are broad 
and less sharp than fins. As a rule, overfills occur 
more frequently than fins and in many cases are 
associated on the same bar with underfills. 

2. Underfills are the reverse of overfills, that is, they 
are areas in which the section is incompletely 
filled. They are formed by permitting the bar to 
be rolled scant in certain dimensions. Underfills 
appear most frequently on rounds and channels. 

3. Slivers are loose or torn segments of steel rolled 
into the surface of the bar. They may be caused by 
a bar shearing against a guide or collar, incorrect 
entry into a closed pass, or a tear from other me- 
chanical causes. Sometimes slivers are present in 
the billet and are carried through to the hot-rolled 
bar or shape. 

4. Laps can be said to be a rolled-over condition 
caused by a bar having been given a pass through 
the rolls after a sharp overfill or fin hM been 
formed, causing the protrusion to be rolled into the 
surface of the product. 

5. Seams are crevices in the steel that have been 
closed but are not welded. They are a type of a 
defect very difficult to detect on certain ^es of 
steel products. Seams are caused by blow holes and 
cracks in the original ingot, or by faulty methods 
of rolling in both semi-finishing and finishing 
mills. 

6. Fire cracks and roll marks are impressions in the 
product, of varying degree and pattern, caused by 
mill rolls becoming overheated, and cracking or 
spalling. 
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7. Scratches are long nicks or indentations in the 
product caused by the surface or surfaces of the 
bar rubbing against sharp or pointed objects such 
as guides on the mill, chutes, “dead” conveyor 
rolls, chain hoists or other mechanical equipment* 

8. Rolled-in scale is a defect in the surface caused by 
scale, formed during a previous heating, which 
has failed to be eliminated during the rolling op- 
erations. It is one of the most prevalent surface 
defects. 

9. Buckle and kink is a corrugated or wrinkled sur- 
face condition caused either by worn out pinions 
on a roll stand or uneven cooling beds. Buckle 
is an up-and-down wrinkle, whereas kink is a side 
wrinkle. 

10. Burned steel appears as a rough area with checked 
or serrated edges. It is caused by steel being ex- 
posed to an excessive temperature and is always 
scrapped. 

1 1 . Camber is the deviation of the side edge of a bar 
from a straight line. It is caused by improper 
heating of the billet, uneven dimensions causing 
difFerential expansion or contraction, or improper 
alignment of the hot beds. 

12. Hook is a short bend or curvature caused either by 
improperly adjusted delivery guides or by any ob- 
struction which may halt momentarily the forward 
motion of the bar from one roll stand to another. 

13. Pipe is a steel -making defect carried through from 
the ingot. The presence of pipe is detected as a 
small round cavity located in the center of an 
end surface. 

14. Shear distortion is a mashed or deformed end on 
a bar caused by defective or improperly adjusted 
shearing equipment. 

15. Twist is a condition wherein the ends of a bar have 
been forced to rotate in relatively opposite direc- 
tions about its longitudinal axis. It may be caused 
by excessive draft, faulty setting of delivery 
guides, or lack of uniform temperature in the bar. 

Testing — ^Numerous tests are made during the finish- 
ing operations, the purposes of which are to reveal de- 
fects otherwise impossible to detect during surface 
inspection. The tests most commonly employed are de- 
scribed as follows: 

1. The pickling test consists of immersing short pieces 
of product for several minutes in dilute sulphuric 
acid. The acid removes the scale from the bar and 
exposes to view such surface defects as may be 
covered or hidden by the scale. 

2. The upset test consists of heating small test pieces 
to a forging temperature and then subjecting them 
to severe compression under a hammer. The com- 
pression or upsetting action will force open any 
defects which could not be detected while the steel 
was in the as-rolled condition. A sound steel will 
be indicated by the absence of areas which open up. 

3. The magnaflux test is used on certain types of steel 
for which there are very rigid surface requirements. 
It is carried out by placing the steel to be tested in 
a powerful magnetic field. A fine magnetic powder 
is then sprinkled over the surface. The particles of 
the powder seek out and cling to the local magnetic 
poles which may be developed by any sort of metal 
discontinuity at or slightly below the surface. Any 
irregularity in the metal surface will cause a dis- 
tinct magnetic pattern to be set up, thereby disclos- 
ing any hidden defects. 

4. The file test consists in removing the scale, by filing, 
on any surface area which may.be suspected of 


containing a hidden defect. The file test is a quick 
method employed by inspectors for determining 
the extent and depth of seams in bars. 

5. The bend test is made on certain classes of material 
to determine the soundness of internal structure 
and to denote the degree of ductility. The test con- 
sists merely in bending a standard test specimen 
through a certain specified arc. Examination of the 
bend will disclose surface defects. 

6. The etch test is one which is used repeatedly in 
standard manufacturing and fabricating processes 
to determine the soundne.ss of internal structures. 
A test piece is cut from the desired location in a bar 
and from this test piece a specimen of the size re- 
quired for etching is removed. The surface to be 
examined is polished and then dipped in a solution 
of hydrochloric, sulphuric, nitric or picric acid. For 
some products, solutions of iodine, copper ammo- 
nium sulphate, ferric chloride, cupric chloride or 
cupric sulphate are used. Directions for etching 
various products may be found in “Metals Hand- 
book.”’ 

7. The grit-blasting test is used for much the same 
purpose as the pickling test. The grit removes the 
hot-rolled scale so that the surface of the test piece 
can be visibly inspected. It is not recommended for 
delecting fine seams on certain types of steel be- 
cause of the peening action of the grit. 

CONDITIONING METHODS AND EQUIPMENT 

It has been noted that bars which are free from surface 
defects cannot always be produced. Some of these de- 
fects are common to all steel products, whereas others 
are more or less peculiar to merchant bar product. In 
order that the product may meet required quality stand- 
ards, these defects must be removed by chipping or 
grinding. Their removal by either of these methods is 
known by the term “conditioning.” Thorough inspection 
must precede conditioning. In a large number of cases 
pickling before inspection is necessary in order to reveal 
all the defects that may be present. The product requir- 
ing conditioning must be marked properly with a suit- 
able chalk or crayon in the areas showing defects. 

Conditioning is carried out by either chipping or 
grinding, depending upon the characteristics of the 
product. Conditioning by chipping is confined to soft 
and medium-hard steels and to those products on which 
subsequent fabrication procedure will permit the pres- 
ence of grooves from chipping. Well-maintained pneu- 
matic hammers operated by an adequate air supply, 
and chisels which have been properly heat-treated and 
dressed, are the principal equipment necessary for chip- 
ping. Conditioning by grinding is confined lo those steels 
with a high hardness, or to bars or shapes whose con- 
tours would be changed by chipping grooves. The 
grinding operation is accomplished by: (1) pneumatic 
grinders, or (2) high cycle electric grinders. The choice 
of grinder depends upon local conditions such as air 
and power supply, or upon the suitability of the machine 
to perform the required task. Each type of grinder pos- 
sesses certain advantages and disadvantages. The pneu- 
matic grinder has the advantage of being lighter in 
weight and has a minimum of moving parts, which 
facilitates repairs. Its major disadvantage is its inability 
to maintain full speed on all loads. It also must have an 
adequate air supply (90 to 100 lb. per sq. in.) without a 
large drop in pressure from source to point of use. The 
high cycle electric grinder, because of its special con- 

‘ Metals Handbook, 1948 Edition; American Society for 

Metals, Cleveland, Ohio; pages 384-399, inclusive. 
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Fig. 30 — 26. Automatic 

hoop-forming machine 
in operation. Finished 
hoops are on stand in 
right foreground. 


struction, has the advantage of being able to maintain 
full speed at all loads. It has the disadvantages of being 
somewhat heavier to handle, of having many compli- 
cated working parts, and of requiring a frequency 
changer adjacent to the work. The grit, bond, shape 
and speed of the grinding wheels are dictated by the 
characteristics of the steel and by the shape of the prod- 
uct being worked. Of the two types of conditioning, 
chipping is the most economical and, when conditions 
permit, is most generally used. 

NARROW FLAT-ROLLED PRODUCTS 

Band, Hoop and Cotton Tie — ^Band for use in commer- 
cial packaging is usually rolled in coil form in multiple 
width on the rolling mill, and then slit to narrow widths 
on multiple slitting units installed in the bar finishing 
departments. Edge conditioning is necessary to eliminate 
the sharpness of the slit edge, before final coiling and 
shipment. The usual sizes are % by 0.028, % by 0.035, 
IV 4 by 0.035, IV 4 by 0.050, and 2 by 0.050 inches.lt is made 
from a steel in the 0.50 to 0.60 per cent carbon content 
range, with 0.80 per cent manganese and 0.15 to 0.30 per 
cent silicon. 

Hoop — ^There are four general classifications of this 
type of product: (1) tight cooperage hoop for barrels to 
hold liquids, (2) slack barrel hoop for barrels to hold 
dry products, (3) tobacco barrel hogshead hoop, and 
(4) fecial hoop for special packages. 

Hoop (except tight cooperage hoop) is made from 
steel in the 0.08 to 0.10 per cent carbon content range. 
Tight cooperage hoop is generally made from open- 
hearth steel having a carbon content of 0.30 to 0.35 per 
cent carbon, but may also be produced from Bessemer 
steel having a carbon content of 0.19 to 0.24 per cent. 

Hoop is made either by slitting coiled strip, rolled 
in multiple width, into narrow coiled strip of the desired 
width; or, from narrow coiled strip with a hot-rolled 
or mill edge. The t 3 rpe and width of hoop being produced 
influences the choice of method used. 

Hoop is produced in widths increasing in increments 
of ^ of an inch, beginning with a minimum of inches 
and extending to and including 2 inches. It is made in 
thicknesses between 0.027 and 0.042 inches. It is pre- 
pared in cut lengths for making hoops ranging from 
2 feet 8^ inches to 8 feet 6 inches in circumference. 
Automatic machines are used in the fabrication of hoop 
(Figure 30—26). These machines are so designed that 


the strip from the coil, passing through a machino in 
a horizontal position, is first run through rolls in which 
a slight bend is made on the edge to be beaded. This 
is followed by a beading operation, done in forming dies 
that operate horizontally at approximately 400 strokes 
per minute. The beaded strip next moves into a com- 
bination shear and rivet-hole punching die, where it 
is sheared to a specified length, and where the rivet 
holes are punched. Hoop is produced as “curled hoop” 
or a “straight length.” Curled hoop is made by a pinch- 
roU and curved guide-shoe arrangement that permits 
the hoop to take a circular form. A straight length hoop 
is produced merely by removing the curved guide shoe. 

Cotton tie is a light, narrow, hot-roiled strip used, as 
the name implies, to bind bales of cotton, hemp, jute, 
etc. It is fabricated in a manner quite similar to hoop. 
After being finished in pinch rolls and a vibrator it is 
delivered onto apron conveyors. From the apron con- 
veyors, the strip is coiled and delivered on a coil 
conveyor to cold shears where it is sheared to a length 
of approximately 12 feet. It is then bundled by hand at 
which time buckles are inserted. The bundles are then 
dipped into a tank containing an asphalt base paint if 
desired. Cotton tie is shipped in bundles consisting of 30 
ties and 30 buckles, either painted or unpainted. Two 
sizes of bundles are produced; the standard, weighing 
about 45 lb., of ^%c-inch wide and 0.042-inch thick (19 
gage B.W.G.) cotton tie, and a special bundle, weighing 
approximately 60 lb., of i%c-inch wide and 0.049-inch 
thick (18 gage B.W.G.) cotton tie. 

CONCRETE REINFORCING BAR 

Concrete reinforcing bar is a merchant-bar product 
consisting of plain rounds and deformed rounds. It is 
used to furnish tensile strength to concrete sections sub- 
ject to bending loads and to furnish additional compres- 
sive strength in sections where imreinforced concrete 
would prove too bulky. 

All types of concrete structures are commonly re- 
inforced with either deformed or plain bars. Concrete 
reinforcing bars are usually deformed. Deformed con- 
crete reinforcing bars are bars in which the surface 
is provided with lugs or protrusions (called “deforma- 
tions”) which inhibit longitudinal movement of the 
bars relative to the surrounding concrete. The surface 
deformations (Figure 30—27) are hot formed in the 
final roll pass by passing the bars between rolls having 
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Fig. 30—27. Photograph of a deformed concrete-reinforcing 
bar, showing protrusions produced by rolling the bar be- 
tween rolls having a pattern cut into them. 


patterns cut into them so that the surfaces of the bars 
are forced into the depressions in the rolls to form 
characteristic deformations. Plain bars may be specified 
at the discretion of the designer and, when so specified, 
the standard sizes of plain bars are designated by their 
nominal diameter. Deformed concrete bars are produced 
in accordance with the specifications for minimum re- 
quirements for the deformations of deformed steel bars 
for concrete bars ASTM designation A305. Ten sizes 
of round bars have been adopted as standards as ap- 
proved through the United States Department of Com- 
merce, Simplified Practice Recommendation R26-50. 
The following table furnishes dimensional data on these 
bars; 

Table 30—1. Dimensional Data, Standard A-305 
Reinforcing Bars 


Nominal Dimensions — 
Round Sections 


Bar Sizes* 

Weight 


r~l 

a s: 


,01d I 

! Designation 

i ; 




.|,s 


in 

Sh 

0 

X> 

0) 3 

1 ^Lbs. per 
Foot) 

‘ Diameter 
j (Inches) 

0 cr 

w « 

Perimeter 

I < Inches) 

Rd. 

2 

0.1G7 

0.250 

0.05 

0.786 

Rd. 

3 

0.376 

0.375 

0.11 

1.178 

V 2 " Rd. 

4 

0.668 

0.!500 

0.20 

1.571 

Rd. 

5 

1.043 

0.625 

0.31 

1.963 

»/4" Rd. 

6 


0.750 

0.44 

2.356 

7/h" Rd. 

7 

2.044 

0.875 

0.60 

2.749 

1" Rd. 

8 

2.670 

1.000 

0.79 

3.142 

1” Sq. 

9 

3.400 

1.128 

1.00 

3.544 

IVs" Sq. 

10 

4.303 

1.270 

1.27 

3.990 

IV 4 " Sq. 

11 

5.313 

1.410 

1.56 

4.430 


* The new bar numbers are based on the number of Vs 
inches included in. tlie nominal diameter of the bar. Bar 
Number 2 furnished in plain roimds only. Bars num- 
bered 9, 10 and 11 are round bars and equivalent in 
weight and nominal cross-sectional area to the old type 
1"» IV^", and iy 4 " square bars. The above weights were 
adopted as standards by the Concrete Reinforcing Steel 
Institute in 1934, and supersede former practice. These 
weights have been approved through the Umted States 
Department of Commerce, Simplified Practice Recom- 
mendation R26-50. 

Concrete reinforcing baxB are produced to the Speci- 


fications for billet-steel bars for concrete reinforcement 
(ASTM designation A15), rail-steel bars for concrete re- 
inforcement (ASTM designation A16), or axle-steel bars 
for concrete reinforcement (ASTM designation A-160). 
These classifications are largely self-explanatory and 
the concern here is with new billet steel rolled expressly 
for concrete reinforcing bars produced under ASTM 
Specification A15. Three grades of steel are produced 
imder this specification and selection of structural, 
intermediate or hard grade is predicated on design 
specifications. The three grades difior only in physical 
requirements and may be produced from either open- 
hearth, electric-furnace or acid-Bcssemer steel. 

Concrete reinforcing bars are shipped from the mills 
in straight lengths either cut to design length in the mill 
shears or in long lengths to be re-cut for fabrication, as 
required in specific applications. 

Engineers' and architects’ designs and specifications 
are prepared in accordance with the Manual of Standard 
Practices of the Concrete Reinforcing Steel Institute. 
Bar fabricators furnish concrete reinforcing bars either 
straight and cut to the proper length or bent or curved 
in accordance with plans and specifications. 

PACKAGING AND LOADING 

The packaging of merchant bar products in most 
plants is performed according to: (1) standard practices, 
or (2) special practices as required by the customer. 
Standard practices are controlled by such factors as: 
(1) the weight of the bundle or lift, (2) the means of 
binding or fastening the biuidles or lifts, (3) the means 
of identification, (4) the means of protecting the product 
in transit, and (5) the geographical location of the cus- 
tomer. Special practices are predicated upon the type or 
capacity of handling and processing equipment used by 
the customer. 

Eltlier wiring or banding may be applied for binding 
or fastening bundles or lifts, depending upon the shape, 
size and length of the product. Special practices for 
binding or fastening bundles or lifts are applied only 
when specified. Wiring is used generally on large rounds 
and heavy sections, whereas bands are used most gen- 
erally for small sections or for flat products. Standards 
have been established which specify the spacing and the 
number of wires or bands to be used for various sizes 
of bundles. Additional wiring or banding, either for 
domestic or export shipment, is handled as special prac- 
tice. Special practice also applies when stack piling is 
required, as the number of pieces and the dimensions 
of the bundle are limited as well as the weight. Wiring 
and banding is accomplished by such special tools as 
stretchers and sealers. 

Idontiflcation of merchant bar products reiiuires that 
each bundle or lift for domestic trade be identified by 
a standard manila tag, approximately three inches by 
five inches, attached to one end. Where coils are in- 
volved the same type of tag is used on each coil. The 
information on the identification tag will vary some- 
what in different plants but it generally contains a part 
or all of the following information: customer’s name, 
destination, customer’s order number, mill order num- 
ber, part number or special markings, number of pieces, 
section, length, weight, heat number, bundle or lift num- 
ber, and the grade of steel. On products for export, addi- 
tional identification is required on each bundle or lift in 
the form of duplicate manila tags on opposite ends and a 
metal tag attached to the center of the btmdle. This is 
necessary because of the possible loss of a single manila 
identification tag when the product is rehandled at rail- 
road terminals, shipping docks, or aboard ship. In addi- 
tion to the standard manila tag, as mentioned above, the 
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Identification of merchant bar products also requires the 
die stamping of heat numbers on the ends of bars of cer- 
tain dimensions. These specifications are as follows: heat 
numbers are stamped on one end of all bars (round, 
squares or hexagons) of 2% inches or above, and on all 
flats three mches by one inch and above. When special 
practices are involved, bars are stamped with codes or 
symbols as specified. When the product consigned for 
export is to be shipped loose, each piece is stenciled with 
the necessary information for proper identification. 

Standard practice for color-marking for identification 
provides for painting one color (as prescribed by the 
customer) on one end of each bar on sizes of inches 
up to 2 inches and two colors (as prescribed by the 
the customer) be painted on sizes 2 inches and over. 
In special practices, either for export or domestic trade, 
special marking is applied only when required by the 
customer. 

Bundles or lifts are loaded in open cars without pro- 
tection from the weather. When shipping carload lots, 
bars and bar shapes are shipped loose or in large lifts 
in open cars. When special practices are required, lifts 
may be wrapped or shrouded individually, or the entire 
carload may be shrouded as a unit. Loading, like pack- 
aging, is divided into (1) standard practice, or (2) spe- 
cial practices as required by the customer. The gondola 
car is the standard means of transit, either for magnet, 


chain, or crane unloading. Standard practice for loading 
and bracing is conducted in accordance with the rules 
of the American Association of Railroads. Special prac- 
tices as requested by the customer generally fall into one 
of the following categories: (1) modified methods of 
gondola-car loading for chain or crane unloading, or 
magnet unloading alone; (2) flat-car loading for chain 
or crane unloading, magnet unloading, or tractor un- 
loading; (3) box-car loading for either tractor unload- 
ing or hand unloading; (4) double loads or sets for chain 
or crane unloading; (5) other methods of special block- 
ing. Double loads are used principally for long lengths 
of structural material which exceeds the length of a 
single standard gondola car. Box-car loading generally 
is used on products which cannot be exposed to the 
weather and which require the best handling methods. 

Material-Handling Equipment — Numerous and varied 
types of handling equipment are used in the finishing 
and shipping of merchant bar products, depending upon 
the type of product and the arrangement and design of 
the finishing department equipment. The types of han- 
dling equipment most generally used are: (1) overhead 
electric cranes, (2) tractors (principally the lift or peel 
type), (3) transfer buggies, U) jib cranes, (5) box-car 
loading machines, (6) conveyors, and (7) such auxiliary 
apparatus as coil hooks, spreaders, package lifters, 
chains, and slings. 


SECTION 3 

HEAT TREATING CARBON AND ALLOY BAR STOCK 


Heat treating may be defined as an operation or com- 
bination of operations in which a metal or alloy in the 
solid state is heated and cooled, under controlled con- 
ditions, according to a predetermined schedule, to obtain 
desired properties. 

The purpose of heat treatment is to develop the full 
effect of the various elements in the steel as related to 
desired properties, through structural or phase changes, 
“As-rolled” bars vary in hardness and microstructure 
in relation to the chemical composition of the steel and, 
therefore, usually require some form of heat treatment 
to obtain a physical condition best suited for the final 
product. Low- and medium-carbon bars often are used 
in the as-rolled condition, but higher-carbon steels and 
most alloy steels require heat treatment. This treatment 
consists of some form of annealing, normalizing, or 
quenching and tempering, or a combination of any two 
or even three of these. 

It has been found that tlie results of heat treating con- 
form to certain definite principles, a detailed discussion 
of which will be foimd in Chapter 42. Application of 
these principles makes it possible to obtain transforma- 
tion of a particular steel at a stipulated temperature by 
controlling the rate of cooling from temperatures above 
its critical range of temperature, and thus obtain desired 
mechanical properties. More detailed descriptions of 
how this is accomplished will be given in the following 
discussion of the various types of heat treating. 

PROCESSES AND THEIR EFFECTS 

Annealing—The term annealing is used rather loosely 
to describe several types of heat treatment which differ 
greatly in procedure yet all accomplish one or more of 
the following effects: 

1. Remove stresses 

2. “Soften,” by altering mechanical properties 

3. Refine the grain structure 

4. Produce a definite microstructure 


In most commercial operations, more than one of these 
effects usually are obtained simultaneously, although 
only one may be desired specifically. Therefore, the 
selection of a specific annealing process is dependent on 
the particular predominant or overall effect desired and 
the grade of steel being processed. 

Full Annealing— If, for example, it is desired to refine 
the grain structure and produce a lamellar pearlite, a 
full annealing cycle should be used. This consists of 
heating the steel to a temperature above the transforma- 
tion range, holding for one to two hours, and then cool- 
ing at a predetermined rate to obtain the desired 
microstructure (see Figure 30— 28A). Grain refinement 
is accomplished in this instance by the recrystallization 
of the steel in passing through the critical range both 
in heating and in cooling, as explained in greater detail 
in Chapter 42. The microstructure obtained in cooling 
any steel from above the critical temperature range is 
dependent both upon the temperature range in which 
transformation occurs and the time required for com- 
pletion of transformation in that range. Thus, it is 
obvious that the rate at which any steel is cooled deter- 
mines the final microstructure, since the degree of trans- 
formation will depend on the amount of time allowed 
for it to occur. Therefore, the slower the rate of cooling 
and the higher the temperature at which complete trans- 
formation occurs during full annealing, the coarser the 
pearlite will be with correspondingly lower hardness. 
Such treatment is performed usually on steel of 0.30 to 
0.60 per cent carbon content which is to be machined. 

Isothermal annealing is a type of full annealing in 
which the steel first is cooled to the temperature at 
which it is desired to have transformation occur, at a 
rate sufficiently rapid to prevent any structural change 
above that temperature. The steel then is held at the 
selected temperature for the time necessary to complete 
such transformation (see Figure 30— 28B). Thus it is 
possible, with this process, to obtain a more uniform 
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D. SPHEROIDIZE ANNEALING 










Fig. 30—28. Thermal cycles and resultant microstructures 
obtained from the four basically different types of pro- 
duction annealing. 


microstructure than could -be expected by continuotis 
cooling. However, since it is necessary to drop the tem- 
perature rapidly to prevent any transformation above 
the desired temperature, there are definite limitations 
as to the mass that can be so treated. It is applicable, 
therefore, only to smaller sections and would not be 
suitable for large bars or large loads in batch-type 
furnaces, since it would be impossible to cool them at a 
rate sufficiently rapid to prevent some transformation. 

A modified application of isothermal annealing is pos- 
sible, however, in which the charge is heated in one fur- 
nace and transferred to another, which has been set 
at a temperature somewhat lower than the desired 
temperature of transformation, in order that the tem- 
perature of the charge will drop rapidly to that required. 
The selection of the temperature of the second furnace 
will be governed by the temperature to which the charge 
first* is heated, the mass of the charge and the desired 
Lransformation temperature. Suitable handling equip- 
ment must be available to transfer the entire charge 
rapidly, since any undue delays might result in portions 
of the charge being cooled to too low a temperature. 
Continuous furnaces also are applicable to this type of 
cycle. 


Process or Subcritical Annealing — Another type of 
annealing called process or subcritical annealing con- 
sists of hea^g the steel to a temperature just under 
the lower critical (Aci) and holding at this temperature 
for the proper time (usually 2 to 4 hours) followed by 
air cooling (see Figure 30— .28C). This type of annealing 
results in softening the steel due to a partial coagulation 
of the carbide to form spheroids or small globules of 
carbide. It is not suitable when a close control of hard- 
ness or structure is desired, because the prior structure 
of the steel determines to a marked degree the extent 
of spheroidization which will occur. For example, an 
originally coarse lamellar structure may show very little 
evidence of spheroidization after this treatment, whereas 
an originally fine lamellar or martensitic structure 
would show a marked degree of spheroidization. The 
treatment is, however, quite satisfactory for rendering 
bars more suitable for cold sawing or shearing, and is 
used to a great extent for these purposes. Since the 
temperature to which the bars are heated is somewhat 
lower than in a full anneal, there is less scaling, and 
warping can be controlled. 

Spheroidization — Spheroidization is a type of anneal- 
ing which causes practically all carbides in the steel to 
agglomerate in the form of small globules or spheroids. 
There may be a wide range of hardness with such a 
structure for any grade of steel since the size of the 
globules has a direct relation to hardness, i.e., the larger 
the globules the lower the hardness. Spheroidizing may 
be accomplished by heating to a temperature just below 
the lower critical and holding for a sufficient period of 
time. However, as pointed out in the discussion imder 
subcritical annealing, the prior structure of the steel 
affects to a marked degree the final result of such a 
treatment. Therefore, if a well spheroidized uniform 
structure is desired, such a treatment is not suitable 
because too many uncontrollable variables are encoun- 
tered. A more desirable and commonly used method for 
spheroidizing is to heat to a temperature just above the 
critical and cool very slowly (about 10 *F per hour) 
through the critical range (see Figure 30— 28D) or to 
heat to a temperature within the critical range but not 
above the upper critical and cool slowly. 

This treatment is used for practically all steels con- 
taining over 0.60 per cent carbon that are to be ma- 
chined or cold formed and for bearing steels such as 
AISI-52100 prior to machining. For the latter, the size 
and distribution of the spheroidal carbide prides is 
extremely important since they all are not dissolved 
in subsequent heating for hardening but remain in the 
condition obtained in the annealing process. Small well- 
defined spheroids are the most desirable and coarse 
elongated carbides should be avoided at all times. 

Normalizing— Normalizing is a process wherein the 
steel is heated to a temperature about 100 * to 150 * F 
above the transformation range and cooled in air. The 
resulting structure will differ greatly for steels of dif- 
ferent chemical composition, since no attempt is made 
to regulate the temperature at which transformation on 
cooling occurs. It is used for the purpose of producing 
a more uniform structure and removing the irregulari- 
ties caused by high or low rolling or forging tempera- 
tures for large sections. It also is applicable to a wide 
extent in treating low-carbon steels of all sections to 
produce a more uniform structure, and is preferred to 
full annealing for these steels as the more rapid cooling 
minimizes banding (marked segregation of carbide and 
ferrite) which is very undesirable for machining. 

Quenching and Tempering— The heat treating proc- 
esses described so far have all been for the purpose of 
'"softening” the steel by regulating the rate of cooling 
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Fig. 30—29. Thermal cycle and microstructures obtained in 
(a) quenching and (b) quenching and tempering. 


so that transformation occurs at relatively high tem- 
peratures. Such processes are necessary to render the 
steel suitable for further operations such as machining 
and cold cutting. However, this condition does not repre- 
sent the optimum mechanical properties which can be 
developed in the steel, and a further treatment termed 
quenching and tempering is employed to develop these 
properties. When the amount of machining or cutting 
to be done is not great, steel sometimes is given this 
treatment in the bar form in preference to an annealing 
treatment. 

The combination of quenching and tempering con- 
sists of first heating the steel above the critical range, 
and then cooling it rapidly by immersing it in a liquid 


AND TREATING OF STEEL 

cooling medium such as oil or water. If the rate of 
cooling is sufficiently rapid, transformation does not 
occur until the lower temperature ranges are reached 
with the resultant formation of martensite or martensite 
and bainite. These structures are much harder than the 
structures obtained by transformation at higher tem- 
peratures. Martensite, however, is quite brittle and 
would be unsuitable for most applications where the 
steel may be subjected to shock. Therefore, the steel is 
given a tempering treatment which consists of heating 
it to an intermediate temperature, very seldom higher 
than 1200 ® F and usually somewhat lower. This treat- 
ment reduces the hardness by coagulation of the carbide 
and increases the toughness or shock resistance of the 
steel. A schematic illustration of quenching and temper- 
ing with the resultant microstructures after each opera- 
tion is shown in Figure 30 — 29. It is possible to obtain 
any desired hardness within a wide range, with corre- 
sponding variations in strength and ductility, by select- 
ing the proper tempering temperature. This can be seen 
readily by examining the chart in Figure 30 — 30. 

Tempering is sometimes called drawing. Tempering is 
the preferred nomenclature. In ancient times and in the 
early days of relatively modem steelmaking practices, 
steel for swords, tools, etc., was said to be “tempered” 
after it only had been hardened. Since the hardened 
steel was too brittle, some of its “temper” was “drawn” 
by suitable heat treatment, giving rise to the term 
“drawing.” At present, temper is considered as describ- 
ing the final condition of hardened and tempered steel, 
and it is more logical to give the operation that regu- 
lates the final condition the name “tempering.” 

HEAT-TREATING PLANTS 

Modem heat-treating plants vary widely with respect 
to type of furnaces, auxiliary equipment and general 
arrangement. No matter how widely they may differ in 
these general aspects, all must have adequate and re- 
liable means for controlling and checking temperatures 
and have handling facilities suitable for transferring the 
heated steel from the furnace to the quenching tanks 
with a minimum of delay. These are factors which must 
be given careful consideration when planning new units 
or additions to existing units, and will be governed to 
a great extent by the type of product to be processed 
and the heat treatment to be given. 

Another important factor to be considered is the pro- 



Fig. 39—30. Effect of tempering temper- 
ature on the final hardness of three 
grades of steel after quenching and 
tempering. 
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vision of adequate space for accumulating and building 
up charges so that they may be ready to load into the 
furnace as soon as it is available. This lessens time lost 
in charging the furnaces and increases the efficiency of 
these units. 

Furnaces— -In general furnaces which are suitable for 
annealing are not the most desirable for quenching and 
tempering, nor are the most desirable furnaces for 
quenching and tempering entirely suitable for anneal- 
ing. This can be shown by analyzing the basic require- 
ments for furnaces considered most suitable for these 
operations. Many of the factors discussed in Chapter 21 
on “Construction and Operation of Heating Facilities” 
should be considered in conjunction with the following 
discussion. 

A furnace to be suitable for quenching and tempering 
must be capable of maintaining uniform temperatures 
over a rather wide range throughout the entire charge. 
It can be heated by either gas or electricity, and possibly 
oil, although the latter fuel is not too desirable at tem- 
peratures below 1200 “ F. 

Since uniform temperatures must be maintained in 
furnaces to be used for quenching or tempering, and 
rapid cooling of the charge in the furnace is not re- 
quired, such furnaces usually are insulated heavily to 
minimize heat losses due to radiation. Since only single- 
layer loads arc charged for quenching, the height of the 
heating chambers need not be very great. This enables 
a more uniform temperature to be maintained through- 
out the charge since the differential in temperature 
between the top and bottom of the furnace is much 
less than would be the case in a larger heating chamber. 

Uniformity of temperature is also very desirable in 
furnaces used for annealing, but the requirements are 
not necessarily as exacting as for furnaces used for 
quenching and tempering. However, it is essential that 
a rather wide range of cooling rates be attained. There- 
fore, furnaces that cool too slowly, such as the heavily 
in.sulated type referred to in the discussion on furnaces 
for quenching and tempering, arc not suitable for very 


many annealing cycles. A furnace which will lose heat 
at a fairly rapid rate can be adapted to a wider range 
of cycles because various rates of cooling can be at- 
tained by control of the boat input. Thus, if the heat 
input is cut off entirely, the furnace and charge will cool 
rapidly; by firing at reduced rates, the heat losses from 
the furnace and charge can be balanced to any desired 
degree to control the net heat loss and, consequently, 
the over-all rate of cooling. Possible methods for in- 
creasing the rate of cooling in a heavily-insulated fur- 
nace would be to blow air into the furnace or to open it 
This is not very desirable, however, because it is ex- 
tremely difficult to regulate the temperature drop uni- 
formly throughout the charge and erratic, non-uniform 
results may be obtained. Furnaces have been developed 
recently which are equipped with large fans that cir- 
culate the furnace gases over water-cooled pipes, thus 
reducing the temperature to around 800 ’ to 900 ® F. The 
partially-cooled gases are then forced into the furnace 
chamber at the bottom and up through the charge, caus- 
ing a rapid drop in temperature. Such equipment has 
many potential advantages but care must be exercised 
in its use to avoid non-uniform cooling. 

Since annealing cycles are usually rather long and 
tie up a furnace for some time, it is desirable that they be 
large enough to accommodate the maximum size load 
that can be cooled uniformly. For this reason, furnaces 
designed for annealing have a great deal more height 
in the heating chamber than those designed exclusively 
for quenching. Consequently, there is more danger of 
greater differential in temperature between the top and 
bottom of the chamber. This affects selection of the 
type of furnace to be used. 

Control of Temperature — ^As stated previously, ade- 
quate and reliable control and checking of temperature 
is absolutely essential for all types of heat treating. Fur- 
naces equipped with automatic temperature-control de- 
vices are generally more reliable and can be operated 
more economically than manually controlled units. 
Thermocouples to indicate and control temperature gen- 


Fig. 30—31. Partially - 
loaded car-bottom of a 
heat-treating furnace, 
showing use of spacer 
bars between layers of 
the load, which is sup- 
ported above the refrac- 
tory hearth on heat- 
resisting alloy castings. 
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Fig. 30 — 32. Car-bottom 
batch-type heat-treating 
furnace with beU-type 
cover in operating posi- 
tion. 






erally are located near the top of the heating chamber, 
as this location will be the first to reach the desired 
temperature on heating; placing the controlling thermo- 
couples in this position prevents overheating. In the case 
of furnaces designed primarily for quenching and tem- 
pering, these couples will be close to the charge (which 
consists of only one layer of bars or other sections) so 
that additional couples should not be needed to assure 
uniform heating. However, in the case of furnaces de- 
signed primarily for annealing, in which the chamber 
height is much greater and in which there is a corre- 
spondingly greater possibility of temperature differen- 
tials, provision should be made to insert couples in the 
charge also, being sure that some are located so that 
they indicate the temperature of the bottom layer. With 
couples so located, the temperature throughout the 


charge will be known and sufficient time can be allowed 
to attain imiformity. 

Methods of Loading — ^As stated previously, loads to be 
quenched should consist of only one layer; if there is 
more than one layer the load would not be uniformly 
quenched because the efficiency of this operation is de- 
pendent on the entire surface of the bar being in con- 
tact with the quenching medium. The same principles 
apply to normalizing, since uniform properties are de- 
pendent on attaining a uniform rate of cooling along the 
entire length of the bar, which can only be obtained by 
having the entire surface exposed to the air and not in 
contact with other hot bars. 

Loads for annealing are generally more than one 
layer high but care should be taken to avoid having a 
load that is too compact, as this would prevent uniform 



Fig. 30 — 33. The bell-type 
cover (upper left comer 
of illustration) of the 
heat-treating furnace of 
Figure 30—32 has been 
raised and hot load is 
being moved on furnace 
car bottom toward crane 
carrier arms. 
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Fig. 30-^. Hot steel bars, 
supported on crane car- 
rier arms above the 
quenching tank in the 
foreground (see also 
Figure 30-35). 



cooling throughout the entire charge. A common prac- 
tice is to separate the load into layers by the use of 
spacer bars, as shown in Figure 30—31. The load also 
may be separated lengthwise down the middle, leaving 
an open space approximately six inches wide. These 
methods of loading provide for better circulation of 
gases throughout the charge, thus enabling the operator 
to cool the entire charge at a reasonably uniform rate. 

Auxiliary Equipment— Effective quenching is depend- 
ent on immersion of the steel in the quenching medium 
while the temperature is still above the critical range. 
If there is too great a delay in moving the load from the 
furnace to the quench tank, it may air cool below the 


critical range, especially at the ends of the bars. Thus, 
there is the danger of obtaining some products of trans- 
formation in the higher temperature ranges. To offset 
this hazard the quench tanks should be located close to 
the furnace and cranes or lifting devices should be pro- 
vided which are capable of moving the entire load to 
the tanks at a rapid rate. By moving the entire load at 
one time, all bars will receive the same treatment. If 
only one bar or any portion of the load is quenched at a 
time, there is always danger that the last bars quenched 
will have cooled below the critical temperature before 
reaching the quenching tank. 

Figure 30—32 shows a car-bottom batch-type furnace 



Fig. 30—35. Looking down 
on a load of hot steel 
bars supported on car- 
rier arms above quench- 
ing tank. 
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Fig. 30—36. Hot steel bars 
in position on elevator 
roll-table section above 
quenching tank, ready 
to be lowered into the 
quenchant This is fur- 
nace “C” in Figure 30— 
37. 
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Fig. 30—37. Layout of the various units comprising a typical continuous heat-liealing line for bar products. Work 
travels from right to loft. See also Figures 30—38 and 30—39. 





Fig. 30—38. Perspective 
view of most of the ac- 
tual continuous heat- 
treating line shown dia- 
grammatically in Figure 
30-37. 




mxnssi 




MERCHANT BARS 


567 


SECTIOM A-A 



Fig. 30—39, Schematic cross-section of one of the high- 
temperature furnaces in the line shown in Figure 30 — 37. 


equipped to handle loads rapidly from the quench tank 
to the furnace. This is a rectangular bell- type furnace 
with a car bottom. To discharge the load, the furnace 
bell is raised (there are no doors on this furnace) and 
the car is moved out from under it, alongside the 
quenching tank which is in front and to one side (see 
Figure 30—33) . The entire load then is picked up by a 
crane, equipped with carrier arms or bales as shown in 
Figures 30-^4 and 30—35, which moves it quickly into 
the quenching medium. Agitation is obtained by alter- 
nate raising and lowering of the load in the tank through 
a travel distance of approximately four feet. This par- 
ticular unit is equipped with automatic controls so that 
the entire sequence of movements of the equipment is 
initiated by closing a single control switch. This elimi- 
nates delays which might be caused by improper timing 
in closing successive switches by the operator. The time 
required from the instant the bell of the furnace is 
lifted until the load is immersed in the quenching 
medium is one and one-half minutes. 

A roller-hearth furnace with similar handling equip- 
ment is shown in Figures 30 — 36, 30 — 37, 30—38 and 
30—39. In this furnace, the bars in single layers are 
placed on the charging table indicated in Figures 30 — 37 
and 30 -38. From here they progress through the three 
separate chambers of the furnace, where they are pre- 


heated to about 1200 ** F in the first chamber, then pro- 
gressively heated above the critical temperature range 
and soaked in the other two. Progress is not continuous 
through these chambers, the bars being held for a suf- 
ficient period of time in each chamber to be heated 
throughout to the prescribed temperature. The time re- 
quired in each chamber, of course, is determined by the 
size and number of bars being treated. After the bars 
have been soaked properly in the last chamber, they are 
run out on the delivery table, which is suspended over 
the quenching tank (Figure 30 *-36), and immediately 
are immersed in the quenching medium. When bar tem- 
perature has fallen sufficiently, they are raised from the 
tank and run into the succeeding furnace for stress re- 
lieving, after which they may be removed from the 
transfer table or continue through the remaining three 
furnaces for tempering. 

Facilities should be available for quenching in either 
oil or water. The choice of quenching medium is to be 
determined by the grade of steel and the section, as ex- 
plained in greater detail in Chapter 42. Facilities also 
should be provided for cooling the oil between the 
quench loads to maintain a uniform temperature of the 
quenching medium, because variations of an appre- 
ciable magnitude in this temperature will have a marked 
effect on results. Storage facilities for the oil also should 
be provided since a reserve supply is necessary to re- 
plenish that lost through dragout. One quenching tank 
can be used for either oil or water, the oil being pumped 
back to the storage tank when it is necessary to use 
water in the quenching tank. However, this is not the 
most desirable arrangement since there is always dan- 
ger of contaminating the oil with water. It is more desir- 
able to have separate tanks for oil and water when the 
size of the unit warrants such an installation. 



Chapter 31 

PRODUCTION OF WROUGHT - STEEL WHEELS 


Introduction — Classified according to methods of man- 
ufacture, steel wheels are either fabricated from several 
pieces joined by riveting or welding, or they are made 
in one piece and designated as solid iron or steel wheels. 
Very light wheels, such as automobile wheels, and ex- 
tremely large wheels generally are fabricated. Solid 
steel wheels are either cast from liquid metal or wrought 
from a solid block of metal. According to modem prac- 
tices, therefore, the term wrought-stcel wheel is applied 
to wheels formed from a suitable block of metal by 
forging alone or by forging and rolling operations. This 
chapter describes the production of wrought-steel 
wheels by both forging and rolling. 

Parts and Classification of Wrought-Stcel Wheels — 
Wrought-steel wheels generally are used in heavy trac- 
tion service. Such wheels are designed with contours 
which are considered as being composed of five parts, 
namely, the hub, the web or plate, the rim, the tread and 
the flange. These parts, for the case of a railroad wheel, 
are illustrated in Figure 31—1. The flange may be single 
or double, and the hole in the hub into which the axle is 
fitted is called the bore. The tread is the outer surface 
of the rim on which the wheel rolls or makes contact 
with the rail. The flange keeps it from leaving the track. 
The dishing, or coning, refers to the curvature of tlie 
web section. All traction wheels have an inside contour 
and an outside contour. The flange, the rim, the service 
to which they are applied, the methods of Arming, the 
finish, and the finishing treatments are all bases for clas- 
sifying wheels. Thus, they may have a single flange (a 
flange on the inside only) or a double flange (a flange on 
both sides) and a rim thickness that will permit worn 
treads and flanges to be machined one or more times to 


their original contours. One-wear wheels have the rim 
thickness designed so that it is unusual for the rim to be 
recontoured after one period of wear. Multiple-wear 
wheels have a rim thickness of 2^/2 inches or more, and 
may be machined two or more times to the original tread 
and flange contour. 

Classifications based upon the service to which the 
wrought steel wheels are to be applied are defined as: 

(1) Industrial car wheels are single-flange wheels de- 
signed for use under cars used for industrial purposes, 
such as mine cars, railroad hand cars, and cars or bug- 
gies used in steel mills. 

(2) Industrial locomotive wheels are single-flange 
wheels designed for use under electric and other types 
of locomotives used in mines, and in industrial plants. 

(3) Crane track wheels may have either a single or a 
double flange, and are used under such equipment as 
traveling, gantry and bridge cranes, transfer and ttirn 
tables, and floor-type charging and drawing machines. 

(4) Railroad freight-car wheels are commonly rolled 
to finish on treads and flanges, and have hub faces as 
forged. 

(5) High -duty wheels are manufactured to closer 
tolerances than freight-car wheels and are used under 
railroad and electric-railway passenger cars, and under 
tenders, and engine and trailer trucks of locomotives. 

Wrought-steel wheels are completely covered by 
standard specifications including the type and kind of 
steel used, the design of the wheels, the dimensional 
tolerances, and the inspection and tests. While alloy 
steels are used in some circular shapes, wrought-steel 
wheels, heretofore, have generally been made of carbon 



Fic. 31—1. Sketch showing cross-section of a wrought-steel railroad wheel 
mounted on an axle, giving nomenclature of the principal parts of each. 
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steel. The remainder of this chapter will be devoted 
to the manufacture of freight-car and high-duty 
wrought-steel wheels. 

Classified according to methods of manufacture, 
wrought-stcel wheels may be forged; forged and rolled; 
rolled to finish; machined on tread, flange, and hub 
faces; or machined all over. With respect to heat treat- 
ment, wheels are no longer air cooled from forging or 
rolling temperatures, but are always controlled cooled, 
rim toughened, or oil- quenched and tempered by proc- 
esses to be described later. 

Classes of Wrought-Steel Wheels — Wrought-steel 
wheels are manufactured to Association of American 
Railroads and American Society for Testing Materials 
specifications. These specifications call for four classes 
of wrought-steel wheels. The four classes differ in 
chemical composition and hardness and were developed 
,iftcr extensive research followed by many studies of 
wheels in different types of railroad service. Each class 
IS processed and treated for a definite service and it is 
important that wheels of the proper class be used in the 
service for which they are intended. 

American Association of Railroads specification M-107 
and American Society for Testing Materials specification 
A-57 cover one class of untreated wheels (Class U) and 
three classes of heat-treated wheels (Classes A, B and 
C) grouped according to carbon content, as follows: 


Outline of Methods for Forming Solid Wrought-Steel 
Wheels — All methods for forging and rolling solid 
wrought-steel wheels require a cylindrical, or nearly 
cylindrical, block of steel for the initial forming opera- 
tions. Originally, the blanks were sheared from slabs, 
but this method located the central portion of the ingot 
diametrically across the wheel, so that the line of segre- 
gation terminated at opposite points in the tread. The ob- 
jections to this method are obvious. Therefore, the pro- 
cedure was changed, as shown in Figure 31 2, so that 



WHEEL BLOCK BEFORE FORGING 


U_^ 

WHEEL BLANK AFTER FIRST FORGING 



WHEEL BLANK AFTER SECOND FORGING 


Element Per Cent 

( Class U 0.65-fi.77 

Class A. not over 0 . 57 

Class B 0.57-0.67 

Class C 0.67-0.77 

Manganese 0 . 60-0 . 85 

Phosphorus, not over 0.05 

Sulphur, not over 0.05 

Silicon, not less than 0.15 


Classes A, B and C are heat treated to the following 
hardness requirements: 

Brinell Hardness Number 



WHEEL BLANK AFTER BEING PUNCHED 



WHEEL AFTER ROLLING 


WHF.EL AFTER CONING 




Class 


Minimum Maximum 


A 255 321 

B 277 342 

C 321 363 


Fig. 31—2. Cross-section showing steps in the 
procedure of making a wrought-steel wheel 
by a combination of forging, rolling and 
pressing operations. 


These specifications state: 

“The Brinell measurement shall be made on the front 
face of the rim with the edge of the impression not less 
than inch from the radius joining face and tread. Be- 
fore making the impression, any decarburized metal 
shall be removed from the front face of the rim at the 
point chosen for measurement. The surface of the wheel 
rim shall be properly prepared to permit accurate de- 
termination of hardness.” 

These specifications require that heat-treated wheels 
be stamped with the class letter A, B or C, together with 
the letter E for wheels entirely quenched, and the letter 
R for wheels that have the rim quenched, and that both 
letters be enclosed in angular brackets as follows: 


Significance 


Mark 

Class 

Treatment 

fAi] 


Rim Treated 

[BR] 

B 

Rim Treated 

[CR] 

C 

Rim Treated 

tAE] 

A 

Entire wheel treated 

[BE] 

B 

Entire wheel treated 

[CE] 

C 

Entire wheel treated 


metal in the line of segregation, or central portion of 
the ingot, would be punched out in forming the bore. 

To accomplish this, the steel blocks may be prepared 
in any one of three ways, namely, (1) by casting the 
metal for each wheel as an individual ingot, (2) by cut- 
ting the blanks from ingots, or (3) either by hot shearing 
or cold cutting the blanks from a round bloom. The 
United States Steel Corporation, one of the producers of 
solid steel wheels, uses the third method. After the 
blocks have been press forged to the general form of a 
wheel, called the wheel blank, the shaping is completed 
by rolling the blank in the wheel mill which may be one 
of two types, designated from the position in which the 
blank is held in the mill during the rolling, as a vertical 
mill (Figure 31—3) and a horizontal mill (Figure 31 — 4). 
The practice will be described in detail as an example of 
the manufacture of wheels. 

PREPARATION OF BLOCKS 

Wheels are produced by the United States Steel Cor- 
poration at Gary Steel Works and at the Wheel and Axle 
Division of Homestead District Works. While the prac- 
tices of these two plants differ somewhat as to eqtiip- 
ment and details of manipulation, this difference is not 
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Fig. 31—3. Schematic arrangement of the rolls in a vertical mill for rolling wheels. 


of a fundamental nature. Both plants are equipped for 
controlled cooling of wheels and for heat treating by all 
the approved methods. At Homestead the steel to be 
rolled into round bloom.s for wheels is cast in 25-inch 
by 25-inch hot-top molds with rippled or corrugated 
walls, and rolled on the 52- inch mill into round blooms 
either 15 inches or 17 inches in diameter, according to 
the weight of the wheels to be made. With proper allow- 
ance for discard, these rounds are cut, while still hot, 
into blocks to form a wheel of the desired weight and di- 
mensions, by a special shear which cuts the bloom al- 
most in two but leaves a central core about 5 inches in 
diameter to be fractured when the bloom has cooled to 
atmospheric temperature. Instead of air cooling, how- 
ever, the partially sheared blooms from the shears are 
put into special, insulated containers and allowed to 
cool slowly to 300 ® F. The cooling is thus controlled as a 




Fia. 31—4. Elevation (above) and plan (below) , showing 
disposition of the rolls in a horizontal mill for rolling 
whaela. 


precaution against the possible formation of minute in- 
ternal cracks in the blocks. The blooms are then im- 
loaded at the shipping yard, inspected, surface condi- 
tioned, and fractured. At Gary, the steel is cast in 
25-inch by 25-inch big-end-up hot-top molds and rolled 
into 18-inch round blooms on the 42-inch mill. While 
still hot, these blooms are sliced into blocks by a special 
shear which cuts to the center of the bloom, and the 
blocks are individually inspected and surface condi- 
tioned as may be necessary. As each block is separated 
from the bloom, it is hammer stamped with numbers to 
identify it. At both plants the smallest wheel that can 
be rolled is about 26 inches in diameter, and the maxi- 
mum sizes are 40 inches in diameter at Gary and 46 
inches at Homestead. 

FORGING OF WHEEL BLANKS 

Heating the Blocks for Forging — This operation is car- 
ried out in two stages, referred to as the “preheat” and 
the “forge heat.” Hence, at the wheel plant the blocks 
are first placed in a gas-fired preheating furnace where 
they are slowly and uniformly heated to a temperature 
of 800 “ F in a period of 6 hours or longer. The object of 
this slow heating is to avoid abrupt temperature gradi- 
ents and resulting high internal stresses that occur in a 
block when its surfaces are suddenly exposed to a high 
temperature while the central portion is cold. The pre- 
heating furnaces are preferably of the continuous type 
in which the blocks may move from the cold end to the 
hot end, but it is possible to obtain similar heating effects 
in sand-bottom furnaces, in which the blocks remain 
stationary, by charging a number into the furnace when 
it is relatively cool and gradually raising the tem- 
perature. 

After preheating, the blocks are transferred by charg- 
ing machine (Figure 31 — 5) to the forge furnace, which 
is of the sand-bottom type. This furnace is held at a uni- 
form heating temperature so that the blocks reach a 
forging temperature in about 2^ hours, and the blocks 
are charged and drawn in a definite order, so that none 
will be overheated or underheated. Full control of the 
heating combines automatic psrrometric control with 
skill and judgment of the heaters, who become expert 
in estimating both steel and furnace temperatures. 

First Forging of the Block— As indicated in Figure 
31—2, the forming of the wheel blank preliminary to 
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Fic. 31—5. Operator of a 
charging machine draw- 
ing a heated wheel 
block from furnace pre- 
paratory to transfer to 
the forging press. 
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Fig. 31—6. Hot wheel block 
hi position between the 
BOTTOM Ditr dies of a forging press 

at the start of the first 
operation in forging a 
wheel. 
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Fig. 31 — 7. This shows 
the wheel blank after 
the second forging op- 
eration. Note indenta- 
tion formed in center 
of hub to facilitate 
pimching of the bore. 




the final forming in the rolling mill is carried out in 
three steps spoken of as the first forging, the second 
forging, and punching the bore. However, in the forging 
operations it is essential that the block or bloom be free 
of scale formed during the reheating. In some plants this 
scale is removed by mechanically-operated chain beat- 
ers; in others various procedures are used. An effective 
method is carried out as follows: When the block is re- 
moved from the forge furnace and delivered by the 
charging machine, the scale on the ends is knocked off 
with long handled steel scrapers. The block is then 
placed in the bottom die of the press and held in a verti- 
cal position, while the press is started slowly. When the 
top die contacts the block, the first deformation cracks 
off the scale, which is immediately blown out of the die 
by jets of compressed air. The press then continues the 
stroke to complete the first forging. From this point, the 
practices at different plants vary somewhat. Thus, the 
first forging may be merely an upsetting of the block and 
punching of the bore to form a circular bloom. At pres- 
ent, the practice at plants of the United States Steel 
Corporation is to do some forming in the first forging, 
and punch out the bore after the second forging (Figure 
31—2). However, this procedure is subject to some var- 
iation, for the forging may be done in one heat, or in two 


heats and on one press or on two different presses. 

When two heats are used, two presses are usually em- 
ployed for the forging. In this method, the scale is re- 
moved from the two ends of the block and it is then 
placed vertically in the first press, where it is first cen- 
tered by two arms which engage it from opposite sides 
of the press and so support it until the top die has de- 
scended upon it (Figure 31—6) . In this press, the bottom 
die corresponds to the outside face of the wheel, while 
the top die is not contoured, but may be slightly convex 
to cause a radial flow of the metal in taking the shape. 
The pressure, applied in successive steps through ac- 
cumulators and intensifier, starts with about 700 poxmds 
per sq. in., then increases to 2500 pounds per sq. in., and 
finally, to as much as 5000 pounds per sq. in., if needed. 
In general, the presses used for forging wheel blooms 
and blanks vary from 5000 to 12,000 tons capacity. This 
pressing is, in itself, a severe test upon the metal, and 
any occasional flaws, such as seams or cracks, are sure 
to be exposed. When such flaws do develop, the blank 
may be reconditioned if the flaws are of a minor char- 
acter, but if they are of an injurious nature the blank is 
scrapped. The perfect blanks are now placed in a second 
reheating furnace, where their temperature is equalized 
and they are again broui^t to forging temperature. 
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Fig. 31 — 8. Forged steel 
wheel after the opera- 
tion of punching the 
bore. 


Second Forging— If both the first and second forgings 
are done on one heat, sometimes designated as double 
forging, the press is provided with two top dies, one 
plain or slightly convex and the other conforming to 
the inside of the wheel. These dies are mounted upon 
two crossheads in such a manner that either may be 
brought beneath the ram of the press, thereby dispens- 
ing with one forging press and permitting the forging 
to be accomplished in one operation when the condi- 
tions are favorable. Generally, however, the plain die is 
used first, then the inside die is moved into position and 
the pressure applied, thus forming the blank in two 
stages, but with a single heating. With this press, the 
procedure can be varied to permit reheating if neces- 
sary, but the object is to accomplish the forging of the 
blank in one heat. When the forging is done in two steps 
with intermediate reheating, the procedure is about as 
follows: When the temperature of the blank formed in 
the first forging has been restored and equalized, the 
blank is brought to the press, cleaned of scale, placed in 
the bottom die which is lubricated to prevent sticking, 
and formed by a stroke of the press, the top die of which 
conforms to the inside of the wheel (Figure 31 — 7). 

Ptmching the Hub Bore— By the process described, 
the next step consists of pimching the bore in the hub. 

operation is carried out with a small press such as 
that shown in Figure 31 — 8. During punching, the out- 
ride of the hub of the wheel is supported in neatly fitting 
dies in order to avoid forcing thif part of the wheel out 
of shape. 


ROLLING OPERATIONS ON WHEELS 

Reheating the Blanks for Rolling— The forging now 
resembles a wheel and is called a wheel blank. How- 
ever, a great deal of work must still be done on the 
blank to produce the finished wheel. While in general 
the blank may lack tread and flange, these parts have 
been partly formed in the forging operations. As to di- 
mensions, the forged blank is 3 to 5 inches undersize in 
diameter, some three-fourths of an inch oversize in that 
part of the web near the rim, and considerably over- 
size in the rim. These oversize parts contain metal for 
the working and shaping to be done in the rolling mill, 
and dimensions will vary with different sizes of wheels 
and the method of rolling. The hub and a small ann ular 
section of the web next to the hub are forged to correct 
size for the finished wheel. In some processes the forged 
blank is not reheated for the rolling, but when forged 
as described above, certain parts, such as the web, are 
liable to become cooled to a greater extent than other 
parts, and temperature equalization becomes desirable. 
This reheating is done in fiat-bottomed gas-fired fur- 
naces, similar to the reheating furnaces mentioned in 
connection with the forging. The reheating furnace has 
other advantages, also, as it provides means of holding 
the blanks during interruptions in mill operations from 
any cause and of reheating blanks in which slight flaws 
have developed. To eliminate these flaws the blanks are 
cooled under controlled conditions, the flaws are re- 
moved by chipping or grinding, and the blanks are re- 
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heated in two stages as described for the heating of 
blocks. These temperature equalizing furnaces, as well 
as the reheating furnaces, are equipped with recording 
pyrometers as an additional precaution against over- 
heating or too rapid a heating of the blanks. 

The Rolling Mill — ^Mills for rolling wheels are of two 
types, vertical and horizontal, already shown diagram- 
matically in Figures 31—3 and 31 — 4. The following de- 
scription, however, is confined to mills of the vertical 
t 3 rpe used at both the Homestead and Gary plants of the 
United States Steel Corporation. Even these two mills 
vary somewhat as to details of construction and opera- 
tion, and each represents a somewhat complicated piece 
of machinery in which 5 dr 7 rolls are made to bear on 
the wheel during the rolling. These rolls consist of one 
tread, or back roll, two web rolls, and two or four (2 sets) 
rim rolb, which are supported, together with all of their 
bearings, pinions or gears, adjusting screws, levers, etc., 
in a single pair of horizontal housings. These housings 
are large steel castings placed one above the other. The 
bottom housing lies directly upon the mill foundation 
and forms the support for the rolls and for the top hous- 
ing some four feet above it. 

The housings, between which the rolls are located, are 
held apart by suitable pillars or posts and are bound 
firmly together by large bolts. The rolls may be de- 
scribed as follows: The largest roll b the back roll, which 
resembles a wheel in form, approximately 33 inches in 
diameter, and is located in the same vertical plane as the 
car wheel blank, to the rear of the central axes of the 
housings. This roll is either driven or revolves by fric- 
tion, bearing on the rim of the wheel, forming the tread 


and flange. The Homestead mill b equipped with a 
variable-speed motor, while the Gary mill uses a 
constant-speed motor. 

On the opposite sides of the tread roll are located the 
two web rolb. They are about three feet in length, lie in 
a horizontal position and extend inward, so that their 
center lines form nearly 30 degree angles with the mill 
center line and intersect at a point near the center of the 
wheel that b being rolled. On their front ends they carry 
the rolling heads, or surfaces, which conform to the 
shape of the wheel beneath the rim, while their rear 
ends are anchored in rotating coupling boxes. Light 
steel spindles, some five feet in length and provided 
with suitable wobblers, connect these couplings to the 
two bevel gears, one of which stands on ea^ side of the 
mill at the rear. These gears mesh into similar gears 
mounted on the driving shaft of a 750-horsepower, 
direct-current motor (130 r.p.m.), used to drive these 
rolb. Thb motor b located at the rear and on the center 
line of the mill. Just back of the rolling heads, these rolb 
are supported in sliding bearings which permit them to 
be spread as desired. The pressure for rolling b trans- 
mitted to these bearings through radial levers, the long 
arms of which are each attached to the same screw 
above the housings (see Figure 31—9) . By thb arrange- 
ment, with the same motion, but in opposite directions, 
equal pressures are imparted to the two rolb at the same 
time. Thb screw, which corresponds to the adjusting 
screws on ordinary milb, b actuated by a 15-horse- 
power, direct-current motor (550 r.p.m.) . By thb means, 
the power of the motor b multiplied many times and b 
capable, at its maximum, of exerting sufficient pressure 
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Fza. 31—9. Steel wheel being rolled in a vertical-type wheel mill. 
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on the web rolls to stall the miU. As to the orientation of 
these three rolls, they are so placed that their lines of 
contact with the wheel in rolling, and the axis of the 
wheel itself, all lie in the same horizontal plane. The 
friction driven rim rolls are located below the web rolls, 
so that all the rolls lie within an arc of 180 degrees of the 
circumference of the wheel being rolled. In mills using 
four rim rolls, one set is located above the web rolls. 
These rolls are approximately twelve inches in length 
and nine inches in diameter and are so placed that the 
projected axis of rotation of the roll on either side of the 
wheel intersects the axis of rotation of the wheel. They 
are mounted upon sliding frames attached to the front 
of the* mill housings. These frames are moved by hori- 
zontal screws connected by vertical worm shafts and 
gears to a common shaft, which extends in front of and 
beneath the housings, and is operated by an electric 
motor set eight or ten feet to the right of the housings. 
In this way the spread of these rolls is made uniform. 
However, the bottom set of rim rolls, duo to the manner 
of rolling, do nearly all the work. An indicator, mounted 
on the upper horizontal screw attached to the sliding 
frame on the right side of the mill, is in plain view of the 
operator, who is able, by this means, to read the spread 
of the rolls and thus control the width of the rim. These 
rolls may be so formed that they will roll the sides of the 
rim at a slight angle to the vertical, so that these sur- 
faces will lie in parallel planes after the dishing, or con- 
ing process. Two shelves attached to the housings in 
front of the tread and web rolls and separated by a 
space a little greater than the thickness of the wheel at 
the hub, give support for the wheel, which is mounted 
on a loosely fitting mandrel during the rolling. This 
mandrel is provided with removable bearings, which 
rest, unattached, upon the shelves, thus leaving the 
wheel free to move forward after the rolls have gripped 
it. 

The Rolling Process — After the forged blank has 
reached the proper temperature for rolling, it is re- 
moved from the furnace and carried to the mill by a 
charging and drawing machine, where it is gripped be- 
neath the rim by tongs suspended from a small jib 
crane standing on the housing above the rolls, or by a 
floor crane especially designed for the purpose. The 
wheel, held vertically, is guided between the two sup- 
porting shelves, and the mandrel is inserted through 
the punched bore. Then the wheel, resting on the man- 
drel, is pushed back against the tread roll into position 
for rolling. The web and rim rolls are then brought to 
bear on the wheel, the latter rather lightly at first. The 
large driving motor is started, and the wheel is made 
to revolve by the action of the roll or rolls upon it. 
The web rolls, working upon both sides of the web and 
the under side of the rim, force the metal back into the 
grooves of the tread roll with considerable pressure, 
until this part of the wheel has reached the dimensions 
for which the mill is set, or the diameter desired, while 
the spread of the metal and the width of the rim is 
controlled by pressure applied to the rim rolls. The 
diameter of the wheel is ascertained by a gage, or cal- 
iper, one end of which is attached to the tread-roll 
housmg, so that it is moved simultaneously with this 
roll, in the same direction and through the same space. 
The other end of the caliper projects in front of the 
mill, and is provided with a hinged arm or pointer, so 
that it may be raised out of the way for inserting the 
blank or removing the wheel. The end of this pointer 
is curved toward the mill at right angles to its length. 
At the beginning of the rolling, the roller lowers this 
pointer to rest on tiie left hand shelf, in which position 
its curved end extend toward the tread roll and is 


opposite its line of contact with the wheel, the pointer 
having been adjusted so that the distance between its 
point and the tread roll is equal to the diameter of the 
wheel desired. Tlie wheel increases in diameter during 
the rolling and moves forward on the loose sliding man- 
drel until a circle on the center of its tread comes in 
contact with this pointer, when the roller stops the mill 
and spreads the rolls for the release of the wheel. Dur- 
ing the rolling, jets of water are directed against the 
surfaces being rolled to remove the scale and give a 
smooth finish to the wheel. In addition to the water, 
a salt jet is also directed against the tread. The actual 
rolling process requires about one minute, so that the 
maximum capacity of the mill is high. 

Effect of the Rolling— All the work of the rolling is 
concentrated upon the outer part of the web, the rim, 
the flange and the tread, where the additional grain 
refinement due to rolling is most needed. This refine- 
ment is marked as is shown by the visible difference 
in the structure of the metal in the hub and in the 
tread. As machining the tread removes much of this 
fine-grained metal, it would appear that the wheel 
rolled to a finish should be superior in wearing prop- 
erties to the machined wheel, on first run at least. 
However, where wheels must be perfectly circular, ma- 
chining is necessary. Furthermore, although the most 
careful mill practice is employed in producing rolled - 
to-finish wheels, some of the wheels tlius produced 
require machining in order to eliminate slight surface 
blemishes. 

FINISHING WROUGHT-STEEL WHEELS 

Stamping— After each wheel has been rolled, it is 
taken on a small buggy to a stamping press, where 
markings fully identifying it are stamped on the in- 
side rim. Stamping practice, however, varies at dif- 
ferent plants. For example, at Gary the stamping is 
done in the coning press. These markings include the 
brand, the month and year of manufacture, the serial 
and heat numbers, and occasionally other markings 
such as type of heat treatment. 

Punching Web Holes — Although standard specifica- 
tions generally omit this requirement, a few wheels are 
still ordered with holes punched in the plate, or web, 
and the mills are equipped to punch these holes when 
the wheels are so ordered. After the rolling and stamp- 
ing, the wheel is taken on the buggy to a small press, 
where the web holes are punched when required. This 
press is fitted to punch either two or four holes, VA 
incljes in diameter, equally spaced on radii of 9, 10, 
11, or 12 inches, the standard radii for all the different 
sizes of wheels. Later these holes are reamed to a 
diameter of 1% inches and have the edges rounded to 
a given radius. 

Coning — If web holes are not required, the wheel is 
taken from the punching press, or from the rolling mill, 
to the coning press for dishing. In this operation the 
form of the web, or plate, is changed from that of a 
flat ring to that of a truncated cone sloping from the 
hub to the rim. This form of the plate is important for 
it serves to prevent the development of the high inter- 
nal stresses that would be set up by the cooling of the 
wheel if the plate were left flat. Coning presses are 
of various designs, but essentially they consist of 
a set of two dies, the top one of which is attached to 
the ram of the press. In the generally preferred method 
of coning, the hub is held rigidly and coning accom- 
plished by the use of top and bottom dies shaped to 
contact the outer diameter of the hub and the under- 
side of the rim. The top die descends a fixed distance, 
exerting pressure on underside of the rim imtil 
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Fig. 31— 10. Wrought- 
steel wheel undergoing 
finish machining on a 
lathe of special design. 


contact is made with the bottom die. It has been found 
that, with this method of coning, improved control of 
geometry of the wheel is obtained. 

Controlled Cooling— After coning, the wheel is al- 
lowed to cool to a temperature below the critical range. 
It is then control cooled under proper conditions to 
300 • F. Various methods of controlling the cooling are 
in use and have been found to give satisfactory results. 
The requirement is that every part of the wheel must 


be kept at the same temperature until the heaviest por- 
tion has cooled to 300 ® F or lower. 

Inspection of wheels is very rigid and may be said 
to begin with the making of the steel and to continue 
through every step of manufacture until the wheel is 
ready for shipment. For example, the wheels are in- 
spected after rolling and, when cold, each wheel is 
rolled to the inspection platform for the initial finished 
wheel inspection. This inspection covers surface defects, 


Fig. 31—11. Wheel \mder- 
going quenching of the 
rim by being rotated in 
a special machine de- 
signed so that only the 
rim of the wheel con- 
tacts the quenching 
medium. 
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location of the hub, rotundity of tread, and the 
which is measured in standard tape sizes. These tapes 
are graduated in eighths of an inch, beginning with 
seven feet for a zero mark for wheels 28 inches and 
over in diameter, and with four feet for wheels under 
28 inches in diameter. The surface defects consist prin- 
cipally of overfills, underfills, slivers, scale pits, and 
block marks, and as they are seldom deep, they may 
be removed by machining. The tape size is plainly 
marked on each wheel. 

Machining and Final Inspection— After this prelim- 
inary inspection, the wheels are machined as required 
to meet the specifications or to remove the defects. On 
rolled-to-finish wheels, the machining consists of rough 
boring, while the outer part of the plate, the rim, tread 
and flange remaining as rolled and the hub as forged. 
The lathes used for machining wheels are massive and 
include many ingenious features of design, as indicated 
by Figure 31—10. The wheels are then rolled back to 
the platforms for final inspection, which is even more 
rigid than the first. In this inspection the wheels are 
tested for size, eccentricity and size of bore, position 
and size of hub, thickness and height of flange, radius 
of throat, thickness of rim, coning, rotundity, and sound- 
ness. After being re-stenciled with tape size and marks 
requested by the customer, such wheels as come within 
the allowable tolerances are mated and sent to the ship- 
ping platform. 

Machining includes either rough machining or rou^ 
and finished machining operations. Extra machining not 
covered by standard specifications includes: 

1. Finish boring covers machining of the hub bore to 
a smooth finish and to permissible variations in dimen- 
sions, so that the wheel may be moxmted on the axle. 

2. Machining rim and outside of hub consists of ma- 
chining the back and face of the rim, the tapered sur- 
faces on the diameter of the hub and on the inside 
diameter of the rim and the fillets joining these surfaces 
to the web, or plate, of the wheel. 

3. Finish machining hub faces refers to finish machine 
work on a hub face when a hub projection or depres- 
sion is machined to closer tolerances than required by 
standard specifications. 

4. Machined all over is applied to a wheel the dimen- 
sions of which must be close to the nominal dimensions 
and tlie weight of which must be distributed symmet- 
rically about the axis. All surfaces of the hub, the 
plate and the rim are machined. 

5. Hub recessing consists of counterboring or turn- 
ing a recess in the face of the hub for installation of 
a bearing plate to prevent hub wear from lateral 
pressure. 

6. Turning outside of hub is performed on wheels for 
electric railways, and consists of turning the end por- 
tion of the outside hub to a cylindrical section for 
a gear casting seat. 


HEAT TREATMENTS FOR WROUGHT- 
STEEL WHEELS 

In addition to the controlled cooling mentioned above, 
three methods of heat treating wheels have been de- 
veloped ^ since 1925, designated as normalizing, rim 
toughening, and oil quenching and tempering. 

In normalizing, the rolled wheels arc permitted to 
cool to a temperature well below the critical range, 
and then are placed in a continuous reheating furnace 
and heated to a temperature above the critical range 
to refine the grain structure. Upon being withdrawn 
from this furnace, the wheels are cooled in air to a tem- 
perature below the critical range, approximately 950 ® F, 
and are then control cooled to 300 ® F or below. This 
treatment develops a uniform grain structure in all 
parts of the wheel, prevents formation of internal de- 
fects, and raises the ductility markedly. In this case, 
they are heated very gradually to above the upper 
critical temperature and then cooled as described. 

For rim toughening, the wheels are cooled and heated 
as for normalizing, but upon removal from the furnace 
they are immediately placed in a special quenching 
machine (Figure 31—11) and rotated at a uniform rate 
with part of the rim submerged in water. This method 
prevents the water from coming in contact with either 
the plate or the hub of the wheel. After the rim has 
been quenched in this manner for a given period, the 
optimiun duration of which has been predetermined, 
the wheel is removed from the quenching machine, 
transferred to a furnace and heated to a proper tem- 
pering or drawing temperature to remove internal 
stresses and obtain the hardness desired. The wheel 
is then placed in pits and control cooled to 300 * F or 
below. This treatment leaves the hub and the plate 
in a normalized condition, and increases the hardness 
of the wearing zone of the rim from the normal Brinell 
hardness number of about 260 to approximately 340. 

To oil quench and temper the wheels, they are heated 
as described above, withdrawn at a temperature slightly 
above the critical range of the steel, and totally im- 
mersed in oil contained in a tank constructed to per- 
mit the wheels to be rotated for the period of the 
quench. The wheels are then placed in a reheating 
furnace, heated to the required tempering temperature, 
and control cooled to 300 * F or below. This treatment 
refines the grain structure and toughens equally all 
parts of the wheel, developing the hardness to about 
the same extent as in the rim-toughening treatment. 
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Chapter 32 

PRODUCTION OF RAILROAD AXLES 


Axles are important because of their functions and the 
number in service. They form vital parts of every kind 
of vehicle and vary in size from a few ounces to several 
thousand pounds. The larger sizes manufactured by the 
United States Steel Corporation include axles for rail- 
road freight and passenger cars, Diesel locomotives, lo- 
comotive tenders, engine trucks, trailers, electric motor 
trucks, electric street cars, and driving axles. The 
Homestead District Works is cited as an example of a 
plant manufacturing these larger axles, although they 
are also produced at Gary Steel Works of United States 
Steel. 

Composition and Heat Treatments— As to composition, 
axles are generally made of carbon steels of various 
grades, ranging from 0.40 to 0.55 per cent carbon and 
0.60 to 0.90 per cent manganese, with phosphorus and 
sulphur each under 0.05 per cent. 

They may be ordered *‘as forged;” annealed; normal- 
ized; normalized and tempered; quenched and tem- 
pered; or normalized, quenched and tempered, the 
quenching being in either oil or water according to the 
size of axle, the kind of steel, and the mechanical prop- 
erties it is desired to develop. 

THE AXLE WORKS 

The essential equipment of the plant includes contin- 
uous gas-fired furnaces for heating the blooms; double- 
acting steam forging hammers; manipulator; gag press 
straighteners; double cutting- off, facing and centering 
macl^es; as well as rough-turning and finishing lathes, 
boring lathe, hollow drill machine, and a complete heat- 
treating plant. Maximum weight of forgings that can be 
produced is 6000 pounds; maximum length, twelve feet; 
maximum diameter, sixteen inches; minimum diameter, 
three inches. 

As to arrangement, the layout of the plant provides 
for the most economical handling of the materials. The 
blooms start at one end of the plant and continue in one 
direction, progressing step by step through the various 
operations, until arrival at the other end of the plant 
where they are in a form ready for shipment. 

METHODS OF FORMING AXLES 

In general, axles are formed by a combination of 
rolling and forging operations, and the practices of dif- 
ferent plants vary somewhat. Thus, with a suitable mill 
properly equipped for the work and located near the 
forge shop, it is possible, by starting with an ingot of 
proper size, to roll the bloom and complete the forging 
in one heating. The axle bloom is rolled either round or 
square and the forming is completed by forging. In other 
plants, where it is necessary to start with cold steel after 
it has been rolled into blooms (which must correspond 
in dimensions and weight to the size of the axles for 
which it is intended), the various steps in the process of 
manufacture are as follows: 

Inspection of the Blooms— The blooms are subjected 
to a rigid inspection before the steel is shipped to the 
axle works, ^ose blooms that show any signs of pipe 


or insufficient discard at the blooming mill shears are 
rejected. Surface defects, such as seams, slivers, and 
surface cracks, are eliminated by surface-conditioning 
treatments. Blooms passing this inspection are shipped 
to the axle works, where they are stored under cover 
until needed. 

Heating the Blooms— Proper heating of the blooms for 
forging requires that they be uniformly heated through- 
out and brought gradually to the forging temperature, 
which should be kept as low as possible and yet permit 
the work to be done. The advantages of a low finishing 
temperature in obtaining maximum grain refinement 
were discussed in Chapter 19, under “Hot Working.” The 
importance of heating slowly is obvious; rapid heating 
may cause the outside of the bloom to become somewhat 
hotter than the core, which condition would prevent 
uniformity in grain structure and in the flow of the 
metal during the forging operations. In addition, high 
internal stresses would be developed. Slow heating gives 
the heat a chance to “soak” into the bloom and thus 
produce that uniformity in temperature from center to 
surface so necessary to secure a finished forging of the 
best quality. Reheating furnaces of the continuous type 
are used, and these are equipped with recording pyrom- 
eters. In addition, the temperature of the steel is period- 
ically checked with an optical p 3 n*ometer as the bloom is 
drawn from the furnace. With this type of furnace, the 
bloom is placed in the furnace at the cold end and is 
slowly pushed or rolled toward the hot end. The bloom 
reaches a full forging temperature only a short time 
before it is drawn from the furnace. 

The Forging Operation— Having been brought to the 
proper temperature for forging, the blooms, within a 
certain range of sizes, are pushed out of the hot end of 
the heating furnaces upon a conveyor, which serves one 
furnace, and are carri^ by it to a roll table that distrib- 
utes the blooms to five of the plant’s seven hammers 
arranged in a row on one side of the table. Square 
blooms pushed out of the second reheating furnace are 
delivered to the other two hammers by the manipulator, 
as shown in Figure 32—1, and forming begun as de- 
scribed below with the exception that all manipulation 
of the forging is performed on one side of the hammer 
only. Adjustable deflecting rails built in the side guards 
of the roll table serve to divert the blooms to small re- 
ceiving tables, of which there is one for each hammer. 
This leaves the blooms in positions to be most conven- 
iently grasped by the hammer tongs, which are sus- 
pended from cranes. 

The tongs having been quickly clamped on, the bloom 
is swung around between the forging dies of the hammer 
(Figure 32—2) . These dies are provided, when desired, 
with one or more grooves; one, the plain groove used 
to do the greater part of the forging, is located directly 
wder the piston rod, while the other grooves, used to 
form specitd sections, such as the journals, are placed 
beside the plain groove. The forging is begun at the 
middle of the bloom, which Is rapidly reduced by heavy 
blows of the hammer, the forging progressing toward 


578 



AXLES 


570 


L 


Fig. 3^1. Axle being 
forged from a heated 
square bloom on a 
hammer equipped with 
a manipulator. One end 
uf the forging (that 
gripped by the manipu- 
ator tongs) has been 
completed, the bloom 
has been turned, and 
the opposite end will 
now be worked. 






the free end of the bloom. Here, the journal or other 
special section is formed by the special grooves in the 
die in a few blows. The piece is again placed in the plain 
groove, and the forging is smoothed up and brought, by 
light blows of the hammer, to correct diameter, which is 
determined by caliper. The tup is then brought to rest 
upon the axle, which is held between the dies while the 


tongs are released, and tongs on the opposite side of the 
hammer are made fast to the finished end. The other 
end of the axle is then forged down like the first, except 
that, in addition to diameter, the length is also fixed. 
The crane is then swimg around, and the axle is placed 
on the hot bed, which is supported about three feet 
above the floor by two rails. 



4 



Fig. 32—2. Forging an 
axle on a hammer where 
the manipulation of the 
bloom is performed 
manually. When one 
end has been forged, the 
bloom is gripped by 
tongs on the opposite 
side of the hammer and 
forging is completed 
without reversing the 
bloom. 
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Fig. 32—3. General view 
of a special lathe, known 
as a double combination 
cutting-off, facing and 
centering machine, for 
machining forged axles. 


FINISHING PROCESSES FOR AXLES 
Straightening — ^Except in the case of heat-treated 
axles and driving and trailing axles, the next step after 
the forging is straightening, which is accomplished in 
gag presses while the axles are still hot. From the hot 
beds, Ae forgings are carried by overhead cranes to 
si m i l ar beds in front of the presses. Here each axle is 
inspected for straightness, and those which require it 
are straightened before their temperature drops below 
950 "F. At this temperature, the axles are placed on 
cradles and put into pits for controlled cooling down to 
approximately 300 *F. Heat-treated axles are straight- 
ened after being treated, but driving and trailing axles 
which are too large to be straightened by the gag press, 
are straightened under the hammer when necessary. 
Bored axles are straightened before they are bored, 
which operation precedes the heat treatment 
Cutting-off and Centering — ^Aiter removal from the 
controlled-cooling pits, the forgings are moved forward 
by overhead cranes and distributed to the cutting-of! 
lathes. These lathes are double combination cutting-off, 
facing and centering machines (Figure 32 — 3) and are 
designed to work on both ends of the forging at the same 
time. Upon being inserted in this machine, the forging 
is grasped at the wheel seats by adjustable revolving 
centering clamps, which hold it firxnly to the central 
axis of rotation. Cutting tools adjusted to the correct 
length then are brought to bear and cut off the excess 
metal at the ends. Ends are faced in this operation, a 
tc^rance of one-eighth inch over length and nothi^ 
tmder being permitted. When these tools have cut to 
within about Vis inch of the center the crops drop off 
and, with the forging still held by the centering clamps, 
the revolving centering tools are brought to bear at each 
end. These tools are shaped to cut a 60-degree cone- 
shaped centering hole (to the dimensions shown in 
Figure 32-4) with a five-sixteenths inch in diameter 
clearance hole for points at the bottom of the centering 
hole. When axles are ordered to be smooth-forged only, 
the operation of cutting-off and centering completes the 
work done by the mill 


Rough turning before shipment is of decided advan- 
tage to both the shop and the customer, because certain 
flaws can be detected only after rough turning, and a 
considerable saving can be effected in handling and 
transportation by holding excess weight to a minimum. 
Lathes of the type shown in Figures 32 — 5 and 32 — 6 are 
used for this work. Rough turned material falls into two 
classes, known as “rough turned on journals and wheel 
seats,” and “rough turned all over.” Axles of the first 
class are put into service with the center portions be- 
tween the wheel seats as forged. In the case of axles 
rough turned all over, the center portions are forged 
slightly over size to provide for the metal removed in 

FINISHED DIMENSIONS 

AXLE SIZES 
»- 3f X7- C- S' « 9- 



Fzo. 32—4. Standard dimensioiis of centering holes cut in 
the ends of axles in United States Steel Corporation 
plants. 
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Fig. 32—5. Lathe of the 
type used for rough 
turning only journals 
and wheel seats of 
forged axles. after 
cutting-off, facing and 
centering (Figure 32—3) . 


turning to size; in such case, the center portion is fur- 
nished with body finish when no further machine work 
is to be done by the customer. In the case of car axles 
or other axles with a tapered body, this metal is re- 
moved at the same time (or after) the journals and 
wheel seats are rough turned in a lathe (Figure 32—6) . 
In finishing rough turned axles, the wheel seats are 
finish-turned only, while the dust guards, journals and 
collars are finish-tiurncd and burnished, and in order 
to provide the excess metal required for this work, 
these parts are rough turned one-eighth inch over size 
on their diameters. 

Boring — A hollow forging permits a more efficient 
transfer of heat in both the heating and cooling cycles 


of heat treatment than is possible with a solid forging, 
and this results in a more uniform grain structure. The 
practice of boring forgings longitudinally through the 
center — adopted particularly for those of large diameter 
to be subjected to a quenching operation — ^is also effec- 
tual to a degree in other heat-treatment procedures. 

Boring has other advantages. It eliminates any un- 
certainty about traces of piping or segregation that may 
have escaped detection by discard or close inspection; 
and a considerable reduction in weight may be made 
with no appreciable loss in effective strength of the 
forging. 

Boring is desirable for all sizes larger than 7 inches 
diameter. The diameter of the bore should be equal 
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Fic. 32 — 6. Lathe of the 
type used for rough 
machining of the entire 
surface of forged axles 
after cutting-off, facing 
and centering in the ma- 
chine shown in Figure 
32-3. 
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at least 20 per cent of the minimum diameter of the 
forging. 

Boring consists in a single cutting operation which may 
leave tool marks or slight ridges on the wall. When the 
boring is from both ends of the forging, the junction of 
the bores need not be concentric. Standard tolerance 
for boring is minus Me inch minimum, and plus Vs inch 
maximum. Bored axles often are reamed and the ends 
plugged and centered to permit finish machining. 

AXLE HEAT-TREATING PLANT 

The heat-treating plant is housed in the same building 
with the hammers and lathes and consists of furnaces for 
heating forgings, a quenching tank containing water, a 
tank holding quenching oil, and all the necessary sup- 
plemental equipment for handling and testing the ma- 
terial. 

Heat-Treating Furnaces— The inside working space of 
each of the furnaces is twenty-one feet in length and 
eight and one-half feet in width, and is designed to heat 
forgings uniformly. The furnaces are provided with re- 
movable bottoms of the car type, which facilitate the 
charging and drawing operations. This bottom is moved 
into and out of the furnace by a toothed rack attached to 
the bottom of the car and a stationary pinion actuated by 
an electric motor, the car itself resting on rollers that 
move over a double track. The doors of the furnace are 
of the vertically lifting type, and are hydraulically op- 
erated. These features, together with the close proximity 
of the quenching tanks, permit the drawing and quench- 
ing of a charge in the least possible time, less than a 
minute being required to transfer a charge from the 
closed furnace to either of the quenching tanks. The 
measures taken to obtain uniform heating are partic- 
ularly noticeable in this furnace. The furnace is of the 
bottom cross-fired type, in which gas is employed as 
fuel, and is heated by burners firing into passageways 
at spaced intervals in the car bottom, thus permitting 
the temperature at any point in the furnace to be con- 
trolled closely. The furnaces have sprung-arch roofs, 
arched from side to side. In order that the entire sur- 
face of the material may be exposed to heat of the same 
intensity, the charge is supported at a height of about 
eighteen inches above the floor of the car bottom by two 
stools that extend the entire length of the car. These 
stools are spaced about four feet apart. The floor of the 
car bottom is constructed of brick laid upon a bottom of 


steel plates, and is of a thickness that will give the plates 
ample insulation from the heat of the furnace. The bot- 
tom is made to fit the furnace neatly, and the escape of 
hot gases from the heating chamber is prevented by 
sand seals. Means are provided for taking the temper- 
ature of the charge at regular intervals during the heat- 
ing. Recording pyrometers are used throughout the 
heating cycle. 

Advantages of Heat Treating Axles— The proper heat 
treating of axles, because of their size, is accomplished 
with some difficulty. However, with proper equipment, 
care, and judgment, decided advantages result there- 
from. It is the only way in which the grain structure 
of the as-forged axle can be refined and made uniform 
and, in doing this, variations in the as-forged grain 
structure which result from the heating and working of 
the bloom are overcome. Stresses remaining in the piece 
after forging also are eliminated. The principle advan- 
tage is the control of and improvement in mechanical 
properties effected through correct heat treatment. For 
example, annealing refines the grain and develops the 
maximum ductility of the steel; normalizing refines the 
grain of the as -forged axle and increases both its 
strength and ductility; and quenching and tempering 
refine the grain to give maximum control over the final 
mechanical properties. The latter treatment offers the 
only positive means of markedly increasing the strength 
as well as the torsional and shock -resisting properties 
that are very desirable under modem conditions of road 
traffic. 

Testing equipment includes all the latest devices for 
testing materials. In the shop, hollow drill machines are 
provided for cutting out tests. A drop-testing machine, 
adapted for testing axles in accordance with standard 
specifications, is provided. Other mechanical tests are 
made in the physical laboratory, which is equipped with 
all the necessary appliances for accurate testing in ac- 
cordance with standardized methods. 
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Chapter 33 

THE MANUFACTURE OF HOT-STRIP 
MILL PRODUCTS 


SECTION 1 

HISTORICAL DEVELOPMENT 


The mills used for rolling flat-rolled steel products 
include the following, named in the order of their de- 
velopment: 

(1) The two-high mill for hot rolling sheets in packs. 

(2) The two-high mill for rolling sheared plates. 

(3) The universal mill for rolling plates. 

(4) The throe-high or Lauth mill for rolling sheared 
plates. 

(5) The continuous or tandem hot-strip mill for roll- 
ing sheets, strip and hot-rolled breakdowns for 
cold reduction in coils. 

(6) The cold-reduction (cold-rolling) mill for sheets 
and strip. 

(7) The continuous sheared plate mill. 

The plate mills mentioned above are described in 
Chapter 27. 

The method for rolling sheets on two-high, single- 
stand mills (described in detail in a later part of this 
chapter) originated between 1720 and 1728 and ante- 
dates all other methods for rolling iron and steel. Up to 
about 1890, the finished flat-roUed steel products could 
be classed as sheets, plates and bars, although many 
thin products, such as pipe skelp, were rolled on the 
merchant-bar mills. The bar mills also rolled thinner 
sections, and about this time there developed such a 
demand for very thin flats that special mills were built 
to supply the material. The differentiation first took 
place in the narrower widths, ranging from % inch to 
3 inches, and from 0.065 to 0.028 inch in thickness. The 
higher grades of this material were designated as hoop; 
a common grade was known as cotton tie. In 1890, bands 
14% inches by 0.14 inch were rolled at Warren, Ohio 
and, in 1892, a mill designed to roll sheets in tandem 
rolls was built in Austria. In 1893, a mill at Bridgeport, 
Connecticut produced thin sections up to 7 inches in 
width and, in 1895, a semi-continuous mill was built 


there to produce thin hot-rolled products up to 10 inches 
wide. In rolling on these first mills it was found that the 
limits as to width and thickness bore a certain relation to 
each other. In the Bridgeport mill, the ratios of width to 
thickness of product varied between 100 and 160. From 
these beginnings, the widths within the same range of 
thicknesses were increased at intervals by various pro- 
ducing mills until, in 1920, steel 22 inches wide and 
0.105 inches thick was rolled successfully at Weirton, 
West Virginia. Some of the product of the successful 
strip mills subsequently was pickled and cold rolled, 
when it was designated as cold-rolled strip steel, but 
much of it was used as rolled and was known as bands, 
band steel, or hot-rolled strip. In 1920, therefore, flat- 
rolled products were classed commercially as ^eets, 
plates, bars, bands and hoop, although the use of the 
term ‘‘strip” commonly was applied to the light products, 
which were somewhat narrower than the heavier sheets 
rolled on pack mills. 

Up to 1920, it was customary to observe a certain 
width-to-thickness ratio in the hot rolling of strip, and 
the maximum ratio for successful hot rolling was con- 
sidered at that time to be 250. In 1923, however, a con- 
tinuous hot-rolling mill at Ashland, Kentucky, began 
rolling much wider strip, the widest and thinnest being 
36 inches by 0.065 inch. This mill can be considered the 
forerunner of the modem continuous wide hot-strip 
mills described later in this chapter. 

In 1926, at Butler, Pennsylvania, the first mill was 
built to combine successfully use of the following princi- 
ples: (a) four-high finishing stands; (b) control of the 
direction of travel of steel through the pass line of the 
tandem finishing mills by progressively decreasing the 
product crown in successive mill passes, and (c) hot- 
coiling equipment at the discharge end of the mill This 
installation was the first of the modem wide continuous 
hot-strip mills as known today. 


SECTION 2 

CLASSIFICATION OF FLAT-ROLLED STEEL PRODUCTS 


About half of the rolled steel products now made in 
the United States may be classed as flat-rolled material. 
B7at-roUed steel products (including sheets, strip, tin 
plate, black plate, flat bars, slabs, plates, skelp and hoop) 
may be distinguished from other forms of rolled steel 
in two general ways. First, flat-rolled steel is produced 
on rolls with smooth faces in contrast with the cut or 
grooved roll faces employed in the manufacture of 
shapes and, second, in flat-rolled products the ratio of 


width to thickness is generally high as distinguished 
from other rolled products. The ranges of dimensions 
are wide, varying in thickness from 0.005 inch in light 
strip to 15 inches in heavy plates, and in width from 
916 inch in narrow strip to 204 inches in wide plates. 

Sheets, strip and tin plate comprise about three- 
fourths of the total tonnage of all flat-rolled steel 
products* Total shipments of these commodities from 
mills in the United States in 1953 was as follows: 
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Hot-Rolled Sheet and Strip 9,964,071 net tons 

Cold-Rolled Sheets and Strip, 

Galvanized Sheets, Long Temes 

and Enameling Sheets 16,214,232 net tons 

Tin, Teme and Black Plate 5,410,427 net tons 

Total 31,588,730 net tons 

Flat-rolled steel products fall into two major cate- 
gories: hot rolled, and cold rolled. Hot-rolled products 
are reduced to final thickness by heating and rolling at 
elevated temperature. Hot rolling usually is conducted 
at temperatures between 2200 * and 1200 ® F, except in 
the case of pack-rolled sheets for some purposes where 
the finishing temperatures may be as low as 900 ® F. In 
ordinary practice, virtually all hot rolling is conducted 
well above 1300 * F, the “lower critical temperature*’ 
of plain carbon steel. Cold-rolled products are really 
“cold finished” products, since much of the reduction 
from ingot to final thickness is, of course, done while 
the product is hot, in a manner similar to that employed 
for hot-rolled products. Cold rolling is carried out on 
products which have not been heated immediately prior 
to the cold-rolling operation in which they are reduced 
to final thickness. However, the temperature of the 
steel is raised due to frictional effects of rolling. The 
temperature of the steel in coils immediately after cold 
reduction has been measured, and coil temperatures 
ranging from 250 ® to 450 ® F have been recorded: the 
temperature of the steel in the actual nip of the rolls is 
probably higher than this, but is quickly lowered by the 
coolants used in rolling. The important distinction is 
that cold-rolled products receive enough cold reduction 
in the final rolling operation to affect the surface and 
mechanical properties of the finished product. 

The list of flat-rolled steel products includes both 
semi-finished and finished materials. Among the semi- 
finished products which have already been discussed 
are slabs (Chapter 25) and fiat bars (Chapter 30). An 
important semi-finished flat-rolled product of the hot- 
strip mill, which will be discussed in this chapter, is 
hot-rolled breakdowns for cold reduction, in coils. 

Flat Hot-Rolled Finished Products Classified— The 
chief hot-rolled finished flat products are divided into 
four major groups, namely, bars, plate, hot -rolled strip, 
and hot -rolled sheets. Dimensions, particularly thickness 
and width, are the principal bases of classification, as 
shown in Table 33—1. 


Table 33 — Product Classification by Size of Flat Hot- 
Rollcd Carbon -Steel Products. 




Thickness (Inches) 


Width (Inches) 

0.2300 

and 

thickei 

0.2299 

to 

0.2031 

0.2030 

to 

0.1800 

0.1799 

to 

0.0568 

0.0567 

to 

0.0449 

To3%,incl 

Bar 

Bar 

Strip 

Strip 

Strip 

Over 3V^s to 6, 






incl 

Bar 

Bar 

Strip 

Strip 

Strip 

Over 6 to 12, 






incl 

Plate 

Strip 

Strip 

Strip 

Strip 

Over 12 to 48, 






incl 

Plate 

Sheet 

Sheet 

Sheet 

Sheet 

Over 48 

Plate 

Plate 

Plate 

Sheet 

Sheet 


Table 33—11. Product Classification By Size of 
Flat Cold-Rolled Carbon Steel 



Thickness, Inch 

Width (Inches) 

0.2500 

and 

thicker 

0.2499 
to 0.0142 

0.0141 

and 

thinner 

To 12, incl 

Bar 

Strip * 

Strip ' 

2 to 12, incl 

Bar 

Sheet * 

Strip 

Over 12 to 23-^ %6. incl. 

Strip • 

Strip * 

Strip 

Over 12 to 23-i‘>i6, incl. 

Sheet * 

Sheet * 

Black 
Plate * 

Over 23-1546 

Sheet 

Sheet 

Black 

Plate 


^When the width is greater than the thickness with a 
maximum width of inch and a cross-sectional area not 
exceeding 0.05 sq. in., and the material has rolled or pre- 
pared edges, it is classified as flat wire. 

• When a particular temper as defined in A.S.T.M. specifi- 
cation A109, or a special edge, or special finish is specified, 
or when single-strand rolling is specified in widths under 
24 inches. 

■Cold-rolled sheet coils and cut lengths, slit from wider 
coils with No. 3 edge (only) and in thicknesses 0.0142 
inch to 0.0821 inch inch, carbon 0.20 per cent maximum. 
■ When no special temper, edge or finish (other than Dull 
or Luster) is specified, or when single-strand rolling 
widths under 24 inches is not specified or required. 

Flat Cold-Rolled Products Classified— The chief cold- 
rolled products, all classified as “finished,” are divided 
into four major groups, namely, bars, strip, sheets and 
black plate. The dimensional bases for differentiating 
between these commodities are shown in Table 33 — II. 

Plates are flat, hot -rolled, finished steel products, 
rolled either direct from ingots or from slabs, and are 
defined further in terms of width and thickness as shown 
in Table 33 — I. Sheared plates are rolled in widths up to 
204 inches and are sheared on all edges to the widths and 
lengths desired. Universal-mill plates are rolled to all 
widths up to 60 inches, and sheared on the ends to the 
lengths desired. Plates vary widely in composition, and 
are ordered to specifications based on chemical composi- 
tion, mechanical properties, or both. 

Bars are hot-rolled, finished steel products having 
various cross-sectional forms, including small shapes. 
Flat bars are rectangular in section, and are ^%4 
(0.2031) inch and over in thickness and 6 inches and 
under in width. The larger sizes may be sheared hot or 
sawed, but the smaller sizes generally are sheared cold 
to length. The edges may be finished practically square 
or rounded, and the narrower side^ of the thinner sec- 
tions may be flat, convex, or slightly concave. As to 
chemical composition, practically all grades and kinds 
of steel are rolled into bars. 

Hoop, as already indicated, was formerly an important 
commodity and was made in various widths and thick- 
nesses ranging from about % inch to 6 inches in width, 
and from about 0.109 inch to about 0.035 inch in thick- 
ness, The narrower widths, made of low-carbon plain 
steel and used to hold the staves of barrels, casks, etc., 
together, were subjected to special forming operations 
after rolling, but the material applied to other purposes 
varied greatly in composition, and much of it required 
special care in finishing and handlingt 
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Strip, Sheets, and Black Plate are classified according 
to dimensions, as shown in Tables 33—1 and 33—11. 
Continuous mills roll product in very long lengths, 
ranging in general from 100 feet to 2000 feet or longer 
according to the width and thickness of the strip and 
the size and equipment of the mill. The products are 
cither cut to specified lengths after rolling, or utilized 
in coiled form. 

The distinction between the hot-rolled and the cold- 
rolled classes of these commodities lies, as mentioned 
above, in the methods used to attain finished thickness. 
The cold-reduction process, however, applied to the 
hot-rolled and pickled steel imparts, after proper heat 
treating and finishing operations, greatly superior sur- 
face and mechanical properties to the hot-rolled coun- 


terpart of each commodity. The starting material for 
the cold-reduction process consists of the semi-finished 
product of the hot-strip mill designated as hot-rolled 
breakdowns in coil form. 

Further sub-classification of sheets, strip and black 
plate is necessary to approach an understanding of the 
diversity of characteristics which enables steel in these 
forms to be applied to so many important uses. As one 
example, most black plate actually is not used as such, 
but is coated with tin to produce tin plate of many 
varieties for many uses, including the common “tin” 
can. Such group subdivisions are based on steel type, 
product treatment, characteristic properties, and final 
use, and will be discussed after description of the manu- 
facturing methods used. 


SECTION 3 

SOURCES AND TYPES OF STEEL FOR SHEETS, STRIP AND TIN PLATE 


Chemical Compositions — Steel compositions used for 
the manufacture of thin, flat steel products range from 
so-called “pure iron,” in which tlie sum of all elements 
other than iron in the product is less than one-third of 
one per cent of the total weight, to the high-alloy stain- 
less and heat-resisting steels composed of as much as 
50 per cent alloying additions. About four-fifths of the 
sheet, strip and tin plate tonnage rolled, however, is 
made from steel compositions within the following 
ranges (based on ladle analyses): 


Element 

Carbon 
Manganese 
Phosphorus 
Other elements 


Per Cent 

0.03 to 0,12 
0.20 to 0.60 
0,04 maximum 
Low as possible 


This general range of compositions provides the best 
combination of rollabilily during manufacture and 
formabilily in most of the applications for which these 
products are used. Such compositions, too, are well 
suited for the production of rimmed steel, which is 
preferred for flat products because of the superiority of 
its ingot surface. Deviations from this basic composition 
range are deliberately employed to obtain specific de- 
sired properties in the steel, according to principles 
discussed later. Within the basic composition range, 
however, most steel plants further subdivide the indi- 
cated ranges for individual elements to fit particular 
production conditions or consumers’ special needs. The 
end result of such adjustments of composition will 
differ from plant to plant; accordingly, most consumers* 
requirements are expressed best in terms of suitability 
for particular applications or of desired properties, with 
composition restricted only where a direct relationship 
between composition and performance is known. 

Sulphur, silicon, copper, nickel and chromium gener- 
ally are considered as the “other elements” of the basic 
composition given above. Except in the steels where they 
are added deliberately to produce alloy steels with 
definite properties, these elements offer no advantages 
and, when present in greater than certain amounts 
may even be detrimental to the rolling or fabricating 
properties of steels for sheets, strip and tin plate. An 
effort is made to keep sulphur and chromium contents 
each below 0.05 per cent, and copper and nickel contents 
below 0.15 per cent. Silicon content naturally falls under 
0*02 per cent in the rimmed and capped steels popularly 
tised for sheets, strip and tin plate, but is present in 
amounts up to 0.15 per cent when this element alone is 


used as the deoxidizing agent in the manufacture of steel 
in the range of the basic low-carbon composition. Other 
elements seldom are found in undesirable amounts, 
although unusual local conditions affecting the scrap 
or ore supply may result in the presence of enough 
molybdenum or tin or both, in the steel to cause it to 
be somewhat harder m the finished condition than 
would be the case if these elements were absent or 
present in only very small amounts. 

Stecimaking Processes — The steel for sheets, strip and 
tin plate is made in this country by the opcn-hcarth, 
Bessemer or electric-furnace process, each being used 
where it is best suited to produce steel having the de- 
sired composition and properties. Bessemer steel, for 
example, inherently contains larger amounts of phos- 
phorus (totaling about 0.10 per cent) and nitrogen 
(about 0.015 per cent total) than open-hearth steel of 
otherwise similar composition; the additional stiffness 
imparted to certain products by the presence of these 
elements in the steel causes Bessemer steel to be selected 
for such limited applications. Stainless and some other 
alloy steels are melted in the electric arc or induction 
furnace for conversion to sheet and strip, the processes 
in these cases being chosen for their ability to produce 
alloyed grades of steel with minimum loss of valuable 
alloying elements in melting and finishing the steel in 
the furnace. However, about 95 per cent of the steel for 
sheet, strip and tin plate is produced in the basic open- 
hearth furnace, for the following reasons. 

The basic open-hearth process provides the most 
economical means for the utilization of scrap, pig iron 
and Bessemer blown metal, and for the positive control 
of phosphorus content of the steel by permitting its 
removal to the desired degree, while producing steels 
of suitable composition and properties for most flat- 
rolled products. Furnace charges vary from the duplex 
and “liquid metal” processes in which no scrap is used, 
to the opposite extreme of charging up to about 75 per 
cent cold scrap. Melting practices vary widely to produce 
steels which, although they may be made by different 
practices, possess closely similar characteristics when 
rolled into end products. 

Rimmed, capped, semi-killed and killed steels all are 
used for conversion to thin, flat steel products. Rimmed 
steels comprise more than half of the sheet, strip and 
tin plate tonnage made, since steel of the basic low- 
carbon composition given aboKre, when properly refined, 
tapped and teemed, provides a naturally rimming steel 
that can be cast into ingots with sound surfaces and 
possesses a high degree of cleanliness and ductility. 
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Mechanically-capped steel retains most of the surface 
qualities of rimmed steel and provides more uniformity 
of hardness throughout the cross-sections of rolled 
products, while increasing the yield of sound steel 
obtained from each ingot. This modiheation of rimmed 
steel by mechanical capping is, therefore, of importance 
in producing steel for such an application as tin plate 
where a controlled degree of uniform stiffness is desir- 
able in the end product. Aluminum capping or top killing 
also is employed; in this practice, the rimming action 
is stopped after having progressed to the desired point 
by adding aluminum to the molten steel in the top of 
the mold. The aluminum killed (“special killed'* or 
“fine-grained*’) extra-deep-drawing steel is a highly 
specialized modification of the low-carbon type, having 
virtual freedom from age-hardening and, hence, unique 
suitability for some types of drawing operations. 

Rimmed, capped and even the “special killed** low- 
carbon steels are cast into ingot molds without hot tops. 
“Semi-killed” grades, usually made to possess somewhat 
higher carbon and manganese contents, still allow suffi- 
cient deoxidation control (with aluminum or silicon) of 
gas evolution and shrinkage to provide a sound ingot 
from an open-topped mold. Steels having high contents 
of carbon or alloying elements, those fully killed to 
attain certain desired end properties, and occasionally 
the “special killed’’ grade, are hot-topped to eliminate 
the formation of “pipe” resulting from the shrinkage 
characteristic of the solidification of such grades. The 
stainless steels are the best known hot-topped steels 
converted to thin flat-rolled products. 

Slabs — Slabs are the raw material for the modem 
continuous hot-strip mill. A slab is defined as a rectan- 
gular steel section having a minimum thickness of 1*?^ 
inches and minimum width not less than twice the thick- 
ness. Slabs are generally provided in thicknesses of 2 to 
7 inches, widths of 12 to 64 inches, and lengths of 60 to 
240 inches, depending on strip-mill requirements. They 
must be accurate enough in dimensions and sound 
enough in structure to permit conversion in subsequent 
rolling operations with a minimum of difficulty, and 
their edges and surfaces must be free of injurious defects 
which would carry through to the finished product. 

Two methods are practiced in converting steel from 
ingot form to slab and then to hot-rolled sheets, strip 
or breakdowns for cold reduction. By one procedure, 
the ingots may be heated in soaking pits and rolled 
on a blooming or slabbing mill to slabs of the required 
width and thickness, then sheared to length and imme- 
diately passed along to the hot-strip mill for final reduc- 
tion to desired thickness, without reheating. The second 
and most generally used method is similar to the fore- 
going, except that the slabs are allowed to cool after 
being sheared to length at the slab-producing mill. 
The cooled slabs then are laid out for inspection to 
locate visible siurface and edge defects which are marked 
for conditioning by the procedures described in Chapter 
26. The conditioned slabs then are charged into reheating 
furnaces at the continuous hot-strip mill. 

The first or single-heating method described above 
results in substantially lower fuel costs and minimizes 
handling and conditioning expenses, but does not pro- 
vide sufficient flexibility in scheduling hot-strip mills 


rolling a widely varying product mix or a substantial 
proportion of small orders. The reheating method (the 
second described above) has proven more advantageous 
as it provides full flexibility of hot-strip mill scheduling, 
permits closer metallurgical control of steel-rolling 
temperatures and minimizes injurious steel-surface de- 
fects resulting from defective slab areas. 

In accordance with the latter practice, conversion 
of ingots to slabs is effected by tlie following typical 
steps: After stripping, the ingots are charged in the 
soaking pits of a blooming or slabbing mill and brought 
to a uniform temperature, approximately 2400 “ F for 
the low-carbon steel grades which comprise the bulk 
of this tonnage. They then are removed by crane-bome 
tongs to ingot buggies that convey them to the entry roll 
table of the slabbing or blooming mill. Some mills are 
equipped with turntables at this point which automat- 
ically record ingot weight and place the ingots butt 
first with respect to the rolling stands and shears; this 
practice is advantageous as it provides a close check 
on ingot weight and efficient control of end scrap. Ingots 
then are passed along a roller table to the reducing 
stand, consisting of a slabbing mill or a blooming mill 
of the single stand, reversing type. The slabbing mill is 
equipped with both horizontal and vertical rolls that 
work on all four sides of the ingot simultaneously, while 
the blooming mill operates with horizontal rolls only 
(see Chapter 25). Greater tonnages and wider slab 
sections can be produced on the slabbing mills as a 
result of this difference in design. After reduction to the 
prescribed slab thickness and width, the elongated slab 
is advanced toward a shear at the end of the mill roller 
table. Some mills, at a point between the reducing stand 
and the shears, are equipped with automatic flame 
scarfing equipment for the purpose of removing all but 
the worst edge or surface defects from the slab. The 
shears cut the slab product to the designated lengths, 
cropping sufficient scrap from the two ends of the slab, 
corresponding to what originally was the top and bottom 
of the ingot, respectively, to insure elimination of pipe, 
porosity, mechanical end laps, slag deposits, and so on. 

Immediately after hot shearing, the slabs are hot 
stamped with identification markings, such as heat num- 
ber, ingot number and cut number. After shearing and 
stamping, the slabs are piled on cooling beds and per- 
mitted to cool to a workable temperature, then laid out 
individually for inspection and marking of surface and 
edge defects such as scabs, ingot cracks, spongy surface, 
breaks, tears, and so on which, if not removed, would 
result in surface slivers, scabs, skin laminations or 
cracked edges on the finished strip. The defects are 
removed by scarfing with an oxy -acetylene torch or, 
on stainless steels, by grinding with abrasive wheels or 
powder scarfing. The slabs then are replied, and each 
is painted with identifying information normally in- 
cluding heat, ingot and cut numbers, thickness, widtli, 
weight and code letters or numerals representing chem- 
ical composition and steelmaking process. 

The finished slabs finally are transported to the storage 
yard of the hot-strip mill, where^ they are stacked in 
orderly fashion according to size and steel grade to 
facilitate their selection and charging into magazines 
feeding the reheating furnaces of the hot-strip mill. 


SECTION 4 

CONTINUOUS HOT-STRIP MILLS 

Develoimieiit and Output — ^The terms **8trip” and reference to width and gage limitations, as shown in 
“^eet,” as applied to the finished products, have definite Section 1 of this chapter, and the term “hot-rolled 
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breakdowns for cold reduction” defines a semi-finished 
product for subsequent rolling by another process. 
These distinctions do not exist when the terms are used 
in connection with a continuous mill rolling such prod- 
ucts; thus, a mill rolling continuous lengths of strip, 
sheet, or breakdowns commonly is known as a “strip 
mill.** The history of development of continuous hot- 
strip mills was summarized in Section 1 of this chapter. 

At the end of 1954, about forty wide continuous hot- 
strip mills were in operation in the United States, their 
combined annual capacity being approximately 40,000,- 
000 net tons. As a group, the wide strip mills roll flat 
steel in thicknesses of 0.04 inch to 1.25 inches, widths of 
24 to 96 inches, and lengths up to 2,000 feet. Each mill 
has its own limitations as to sizes of finished product 
though, as a general rule, no mill exceeds a product 
width-to-thickness ratio of 1000:1. 

General Arrangement of Modern Mills— The modem 
wide hot-strip mill has become quite standardized in its 
general layout. Slabs are heated in two or more contin- 
uous reheating furnaces. A typical rolling train will 
consist of a roughing scalebrcaker, four four -high 
roughing stands, a finishing scalebreaker, and six four- 
high finishing stands. Driven table rolls convey the steel 
from furnace to mill and also from stand to stand. If 
the mill is to produce strip, sheets or breakdowns of 
greater width than the maximum width of slab avail- 
able, the first rougher or roughing stand is a broadside 
mill in which the width of the slab is increased in a 
single pass by cross rolling. In this case, turntables for 
manipulating the slab must precede and follow this 
stand. A slab squeezer also follows the broadside mill. 
The next three roughing stands usually are provided 
with integral vertical edgers in front of each stand. 
Separating the roughing train from the finishing train 
is a holding table, while the finishing end is a closely 
grouped tandem train composed of the finishing scale- 
breaker and six' finishing stands. 

High-pressure hydraulic sprays to remove scale from 
the hot slab are located after the two scalebreakers and 
perhaps at several roughing stands. Water is supplied 
to the spray nozzles by suitable high-pressure pumps. 

Following the last finishing stand there is usually a 
flying shear for cutting the rolled product into lengths, 
if so desired. As the steel proceeds from the mill, it is 
carried over a long table called the runout table, con- 
sisting of individually driven rollers. Two or more 
coders are located in this table; they operate to coil the 
material when continuous long lengths are required. 
If short lengths are cut at the flying shears, the coders 
are inoperative and the steel passes over them and onto 
a piler at the end of the table. Additional tables may be 
instaded parallel to the central runout table, with suit- 
able transfers for moving material to them; this equip- 
ment is used principally when the heavier gages are 
being rolled. 

The most commonly used hot-mill arrangement just 
described, employing continuous roughing and continu- 
ous finishing trains, provides high rolling capacity and 
rapid steel travel with little loss of heat, but entails a 
high installation cost and a fixed number of passes, with 
some loss of flexibdity in making rapid changes in the 
mdl set-up when the size of product to be rolled is 
changed. An alternate arrangement, used in several 
instances, employs a reversing roughing mill and a 
continuous finishing train; this arrangement has a lower 
original installation cost, requires less floor space, and 
is flexible with regard to the number of passes avail- 
able, but at a sacj^ce In capacity and operating cost, 
pother modification of the conventional mill (the 
single-heating practice already described) provides for 


rolling the slab direct from the blooming operation, 
utilizing retained heat and by-passing the slab-reheating 
furnace; this practice saves fuel but sacrifices flexibility 
of scheduling rolling operations on tlie continuous hot 
mill. 

Still another arrangement for continuous hot rolling 
of steel calls for the use of a reversing hot mill for 
finishing. This mill may have a conventional roughing 
train or single reversing sUmd for roughing, followed 
by the single reversing finishing mill. The reversing 
finishing mill has a pair of pinch rolls and a paddle-type 
coiler located on both sides (entry and exit) of the mill. 
The coilers operate inside of small heating furnaces 
which keep the steel hot and permit the finishing rolling 
operation to be carried out by repeated reversing of the 
finishing stand. This type of mill entails low initial cost 
and is highly satisfactory for the production of small 
orders or the rolling of alloy steels. 

Control of Finished Product Quality— When an order 
is accepted for production by a particular mill, the first 
step taken is to determine the proper grade of steel and 
the size and surface quality of the slab necessary to 
make the order. The order is then grouped with others 
and scheduled in its proper rolling sequence. Ihe 
principal factors taken into consideration at this impor- 
tant stage are rolling width, gage, and steel composition. 

The next step in production requiring control is the 
operation of heating the slabs to rolling temperature. 
The slabs must be heated uniformly throughout, and 
also must have a uniform “scale jacket” that will 
“clean up” readily in rolling. Many rolling delays and 
mechanical difficulties are a direct result of poor heating 
practice; the steel may not be “soaked” sufficiently, may 
be too hot, too cold, or unduly hard to clean. 

The third step is to rough down the slab to a pre- 
determined intermediate thickness. As the slab leaves 
Uie last roughing stand, it should be flat, straight, free 
of furnace scale, true to width and of a cross-section 
suitable for further reduction on the finishing stands. 
The first rolling pass on the slab is done on a scale- 
breaker which is followed immediately with a high- 
pressure hydraulic spray to facilitate removal of the 
furnace scale. In addition, there are usually one or two 
more descaling sprays following the second or third 
roughing stands and numerous steam and air sprays 
available to remove any further scale that may be 
loosened during rolling or edging. Proper use of the 
broadside mill, slab squeezer and the three vertical 
edgers normally will guarantee the uniform width 
essential for all subsequent operations. 

Next, the finishing train must be operated with careful 
regulation to obtain a finished hot-rolled product of 
prime quality. Surface, gage, width, finishing tempera- 
ture and cross-sectional contour of the product, all are 
required to meet given standards depending upon the 
subsequent treatment or ultimate use of the material in 
question. As an example, metallurgical requirements 
may dictate a definite finishing temperature for a partic- 
ular gage and width to be rolled. Time on the holding 
table prior to coiling, number of descaling sprays used 
during rolling in the finishing stands, speed of the finish- 
ing train, and method of drafting, all aficct the finishing 
temperature and may be varied at the discretion of the 
operator to help meet requirements. Defects in the sur- 
face of the rolled steel, if not evident in the rough slab, 
usually can be traced to defects in the surfaces of the 
work rolls on the finishing stands and are corrected 
readily by substituting newly-surfaced work rolls. The 
principal factors affecting the overall dimensional accu- 
racy of the finished hot rolled product include contour 
of the work rolls and back-up rolls as installed, changes 




Fig, 33 — 1. Typical reductions per pass in the finishing stands of a hot-strip rolling mill. 
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in the contoxjr of the work rolls and back-up rolls due 
to intermittent heating and cooling, method of drafting 
(i.e., amount of reduction in successive passes), and 
rolling sequence of various gages and widths. 

Figure 33 — shows typical reductions per pass in the 
finishing train of a continuous wide hot-strip mill. 

The final step in rolling an order on a strip mill is 
disposition of the hot-rolled product. On some mills, the 
product may be cut into shorter lengths on a flying shear 
located at the exit end of the mill, the sheared pieces 
progressing along the runout table to a hot piler. The 
greater portion of hot-rolled flat material, however, is 
handled by the hot-coiling method; this includes the 
semi-finished product designated as hot-rolled break- 
downs in coils for subsequent cold reduction, as well 
as hot-rolled sheets in coils which may be shipped as 
such or transferred to the finishing department where 
they are uncoiled and processed into the form of flat 
cut sheets. The essential requirements of the coiler are 
to receive the material at mill speeds and coil it tightly 
without excessive tension, telescoping, scratching or 
marking and, finally, discharge the finished coil quickly 
without damage. 

A Modern Wide Continuous Mill— The 80-inch hot- 
strip mill at the Gary Sheet and Tin Mill of United 
States Steel Corporation serves as a modem example of 
the wide continuous mill. This mill was built originally 
in 1935 and was modernized completely in 1948. 

Slabs for the mill may range in size from 4 to 
inches in thickness, 18 to 64 inches in width and 80 to 
216 inches in length. The conditioned slabs, as needed, 
are carried by overhead crane to the individual storage 
machine located in front of the charging end of each of 
the five slab-reheating furnaces, which extend at right 
angles into the hot-strip mill building. The slab pushers 
of each furnace travel \mder the corresponding storage 
magazine and push the bottom slab of the pile in the 
magazine onto the charging table. This table is equipped 
with driven rollers to position the slabs properly before 
the furnace doors. When the slabs are in position on the 


589 

charging table, they are shoved over skids into the fur- 
nace by pushers (Figure 33—2) operated by 150- 
horsepower, 500 r.p.m., DC motors through worm 
reduction drives. These are controlled from an operating 
platform behind the charging end of the furnaces. The 
doors of the furnaces also are controlled from there and 
are arranged so tliat, when the charging door is opened 
to push a slab into the furnace, the door on the delivery 
end simultaneously opens, permitting a slab to be dis- 
charged over an apron onto a roller table (Figure 33—3) . 

The five furnaces all are of the zone -controlled, triple- 
fired, recuperative, continuous type. Each furnace is 80 
feet long by 20 feet wide and is capable of heating 
approximately 105 tons of steel slabs per hour to a 
maximum of 2400 * F. The furnaces normally are fired 
with coke-oven gas or fuel oil, and are equipped with 
automatic combustion and temperature controls. Natural 
gas also may be used or a mixture of natural and coke- 
oven gases. Approximately 340,000 cu. ft. of coke-oven 
gas per hour are required to heat each furnace. Pre- 
heated air at 700 ® F is obtained for combustion by pass- 
ing the hot products of combustion from the furnaces 
through recuperators. Air is pushed through the recu- 
perators for each furnace by a motor-driven fan, rated 
at 50,000 cu. ft. per minute. Flue gas is conducted through 
underground flues to individual stacks, 150 feet high, or 
can be diverted to be used on two waste-heat boilers. 

The slabs move through the first 60 feet of the furnaces 
on water-cooled skids which permit heating on both 
tops and bottoms. These skids use about 60,000 gallons 
of cooling water per hour for each furnace. The last 17 
feet of the furnaces, known as the “soaking zone,” have 
a flat bottom (combination steel and brick) where the 
slabs are brought to a uniform temperature throughout. 
Accurate control of temperatures, furnace atmosphere 
composition, and pressure in all parts of the furnaces is 
facilitated by a battery of recording and indicating 
instruments. Doors are provided along the sides of the 
furnaces for observation purposes and to permit manual 
positioning of slabs if desired. 


Pig. 33—2. Charging end 
of heating furnaces for 
an 80-inch mill, showing 
slabs in position before 
the furnace doors. In the 
foreground are the 
pushers which force the 
slabs through the near- 
est furnace. 
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Fic. 4. Broadside 
stand of an 80-inch mill. 
Here slabs receive their 
first heavy reduction 
in thickness. The slab 
shown here has received 
a broadside (sideways) 
pass to extend it to the 
proper width. The turn- 
table (slab turn-around) 
next will turn the slab 
90 degrees before it goes 
on to the following roll 
stands. 



Fig. 33—3. Discharge ends 
of a group of three heat- 
ing furnaces for an 80- 
inch mill. 
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Fig. 33—5. View of part 
of an 80'>inch continuous 
mill from the operator’s 
pulpit from which the 
spe^ of the roughing 
stands is controlled. 



Slabs are discharged from the heating furnaces at 
temperatures ranging from 2000 to 2400 F, depending 
upon the grade of steel and thickness of finished product. 
They are carried to the mill by a roller table 245 feet 
long. This table is made up of six units, each driven by 
a 50-horsepower motor. The table is reversible, so that, 
when necessary, slabs can be returned to slab storage 
by a transfer located parallel to the furnaces. 

The first mill stand in the 80-inch hot strip mill is the 
No. 1 scale-breaker. This mill is a two-high, 36-inch by 
80-inch stand, operated at 212 feet per minute, and driven 
by a 1250 -horsepower, 490 r.p.m., AC motor through a 
double reduction-gear drive equipped with two 12 ^ 5 - 
foot flywheels. The descaling water spray following this 
stand operates at 1300 lb. per sq. in. pressure. Slabs travel 
100 to 200 feet per minute over a 26-foot reversible table 
between this scale-breaker and the first roughnig stand. 

The first roughing stand is a four-high 40-inch and 
54-inch by 130-inch mill operated at about 182 feet per 
minute, driven by a 3500-horsepower, 6600-volt, 340 
r.pjn., AC motor through a gear set and two 13V2‘*foot 
flywheels. This stand is a broadside mill in which slabs 
up to 127 inches long can be spread to a maximum of 
77 inches wide in a single pass, when it is necessary to 
produce widths greater than the original slab (Figures 
33—4 and 33—5). A rack-type slab pusher on the entry 
side of this stand assures square and proper entry of the 
slab between the rolls. Slab tum-arounds are provided 
before and after this stand to rotate the slab through 
90 degrees when the stand is used for broadsiding. Fol- 
lowing the broadside mill, a slab squeezer serves to 
tnie up slab edges and widths and to flatten them for 
subsequent rolling. This squeezer has a 24-foot head 
with a maximum stroke of 6^ inches on a 6-mch thick 
slab. Slabs reach the squeezer and pass to the second 
roughing stand over a reversible roller table 100 feet 
long, in three independent sections, each driven by a 
50-horsepower, 550 r.pjn., reversible DC motor. Table 
speed is 120 to 240 feet per minute. A slab shear is located 
between the squeezer and the second roughing stand. 


The second roughing stand is a 44-inch by 80-inch 
universal two-high mill with vertical edging rolls 
mounted on the entry side of the stand. This mill is 
driven by a 3500-horsepower, 490 r.pjn., AC motor. The 
gear drive is equipped with two 13Ms-foot flywheels. 
The edging rolls are driven through twin worm reduc- 
tion sets by a 350-horsepower, 400 to 1000 r.pjn., DC 
motor. After leaving this stand, the slab passes over a 
reversible roller table 51 feet long, driven by a 50- 
horsepower, 550 r,p.m., DC motor at speeds of 178 to 
356 feet per minute. 

No. 3 rougher is a foiur-high 32-inch and 53-inch by 
80-inch universal stand, as is No. 4 rougher, located 94 
feet beyond No. 3. Both of these stands have vertical 
edging rolls mounted on the entry side, duplicates of 
those on the second roughing stand. Each mill is driven, 
through a gear set with two 13V^-foot flywheels, by a 
3500-horsepower, 490 r.pjn., AC motor, A holding table, 
200^ feet long, lies between the roughing and finishing 
trains. This table is divided into two sections, each 
driven by two 50-horsepower, 550 to 1100 r.p.m., DC 
motors, providing table speeds from 100 to 400 feet per 
minute. The rolled product is cooled by holding on this 
table, if necessary, to attain proper finishing tempera- 
tures to meet requirements. A rotary crop shear is in- 
stalled at the finishing end of the table, so that both the 
front and back ends of the material can be squared off 
before finishing. 

A second sedebreaker, two-high, 36-inch by 80-inch, 
followed by high-pressure descaling sprays and driven 
by an 800-horsepower, 150 to 450 r.pjn., DC motor, 
precedes the finishing train. The finishing train is six 
four-high, 26-inch and 53-inch by 80-inch stands spaced 
on 22-foot centers (Figure 33—6). Each stand of the 
finishing train is driven by a 600-volt, DC motor. Num- 
bers 5, 6 and 7 stand motors are of 4500-horsepower 
capacity, operate at 125 to 282 r.pjn., and drive through 
gear sets. No. 8 (4500-hors6power, 85 to 190 r.p.m.). 
No. 9 (4500-horsepower, 100 to 230 r.pjn.) and No. 10 
(3000-horsepower, 110 to 255 r.pjn.) motors drive direct 
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Fig. 33 — 6. General view of an SO-inch continuous hot strip mill. In the background are the roughing stands. In the 
center are the six hnishing mills. The cooling sprays over the runout table are in the left foreground. 


Product speed leaving No. 10 stand reaches a maximum 
of 1960 feet per minute, Loopers are provided between 
the finishing stands, each driven through a worm re- 
duction unit by a 200 pound-foot torque DC motor. 
Steam sprays are provided on the delivery side of each 
stand and tachometers are installed in control stations 
to indicate mill speeds. 

The screw down on each finishing stand in the mill is 
operated by two 75-horsepower, 575 r.p.m., DC motors 
equipped with magnetic clutches and dynamic brakes. 
Single 35-horsepower, 575 r.p.m., DC motors drive the 
screwdowns on the two scalebreakers and the first two 
roughing stands through cutout clutches; two similar 
motors with magnetic clutches and dynamic brakes are 
used on No. 3 and on No. 4 roughing stands. The top roll 
on all stands, except No. 2 scalebreaker, has a hydraulic 
roll balance. No. 2 scalebreaker has a spring balance. 

Oil*film bearings are used on all back-up rolls in the 
four-high finishing stands. Grease-lubricated roller 


thrust bearings are used on Nos. 1 and 2 scalebreakers 
and 3 and 4 roughing mills, while fabric bearings are 
used on the back-up rolls of No. 1 roughing mill and 
the work rolls of No. 2 roughing mill. The mill is lubri- 
cated automatically by five separate recirculating oil 
systems servicing the oil-type back-up roll bearings, the 
pimon-stand gears and bearings of the large mill-drive 
motors and motor-generator sets. Grease requirements 
are maintained automatically by several central-station 
greasing systems strategically located throughout the 
mill. 

Hydraulic requirements for the descaling systems are 
met by three units made up of two 1000-gallon per 
minute, 1300 lb. per sq. in. pressure pumps driven by 
a 1250-horsepower, 6600-volt, 1800 r.p.m., AC motor. 
Temperature of the product is watched carefully 
throughout its passage in the mill by use of one record- 
hig pyrometer and three recording-indicating pyrom- 
eters placed at the entry to No. 1 roughing stand, on the 



* Fig. 33 — 7. Motor room of 
an 80-inch hot-strip 
^ mill. At the left are the 
motor-generator sets 
which supply direct 
current to the finishing- 
stand mill motors in the 
right foreground. 


J 
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holding table, at the entry to No. 10 stand and at the 
entry to the coiler. 

The hot-strip mill building is 95 feet wide and 2352 
feet long; it is served by three 60-ton cranes with 10- 
ton auxiliary hoists, one 60-ton crane with 15-ton 
auxiliary and one 15-ton crane, all of 90-foot span. A 
building 92 by 624 feet, conveniently located alongside 
the hot mill, houses service and roll shops. The latter 
include roll lathes, roll grinders and special degreasing 
equipment for cleaning bearings. The hot-strip mill 
motor room, 65 by 644 feet, is served by one 50-ton 
crane having a 60-foot span. The twelve hot mill drives, 
with their reduction gears, control equipment, switch- 
gear, etc., are located in this room (Figure 33—7). The 
motor room is equipped with a recirculating-t 5 q)e venti- 
lating system forcing air through coolers located in the 
motor-room basement into the motor room proper. All 
make-up air is filtered before distribution. The venti- 
lating system is designed to handle 525,000 cubic feet 
of air per minute at 95 “ F. 

Power is supplied from the outdoor substation via a 
metal-clad bus system at 6600 volts to the switchboard 
and is distributed to equipment through conduit laid 
in the concrete floor. Variable-voltage direct current is 
supplied to the main motors driving the finishing train 
from three 3-unit, 6000-kw, 600-volt synchronous 
motor-generator sets, each consisting of two 3000-kw, 
600-volt, DC generators driven at 360 r.p.m. by an 
8600-horsepower, 6600-volt synchronous motor. 

Product Disposition — ^After leaving the last finishing 
stand of a continuous hot-strip mill, the rolled product 
is delivered onto a long runout table where it is carried 
cither in long lengths to coders, or to a sheet piler in 
cut lengths. The 80- inch hot-strip mill being described 
produces only coiled product. It has a flying shear, 
spaced 11 feet 9 inches from the last finishing stand, 


which is used to crop either or both ends of product that 
is to be coiled as a single piece. The shear is driven by 
twin 150-horsepower 450 to 900 r.p.m., DC motors. 

After leaving the flying shear, the steel passes over a 
roller table 364 feet long, having 243 rollers, each driven 
by a 4-horsepower. 0 to 800 r.p.m., DC motor through 
rubber-ball couplings. The table is equipped with cool- 
ing sprays both above and below the rollers. Three 
mandrel- type coders are installed at the end of this 
table, each driven by a 350-horsepower, 1200 r.p.m., DC 
motor. Coils with a maximum width of 77 inches, an in- 
side diameter of 32 inches and an outside diameter up 
to 69 inches can be accommodated. Air-operated pushers 
remove the coils from the mandrels onto a coil filter, 
which places coils on end onto a chain conveyor which 
carries them to the coil-storage building (Figure 33 — 8) . 
Heavy-duty scales are installed in the hot-coil conveyor, 
giving an accurate check on production and yield figures. 

Two 900-kw, DC generating sets and several smaller 
units furnish power for all of the product-disposition 
equipment. Two generator sets normally are aUotted 
to flying-shear service, two to the three runout-table 
sections between the flying shear and coders and one 
to the three coilers. One generator is a spare which 
can be switched into any of the other services. 

Metallurgy of Hot Strip— Wide hot-rolled strip from 
a modem continuous mill may be used in the as- rolled 
condition, in which case it is referred to as “hot-rolled 
sheets,*^ with or without the application of such auxiliary 
treatments as pickling, shearing and flattening. When 
produced as hot-rolled breakdowns for cold reduction, 
it is pickled in coil form, cold reduced as much as 90 per 
cent of its original thickness, heat treated and further 
processed to cold-rolled sheets, strip, black plate, or the 
various coated sheet-mill and tin-mill products. In any 
case the metallurgical requirements of the great bulk 



Fig. 33—8. Coiled product 
leaving the coiler of an 
80-inch continuous hot- 
strip mill- 
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of the product are relatively simple and lend themselves 
to best operating conditions on the hot-strip mill and 
subsequent processing units. 

The last hot-rolling operation (in the last finishing 
stand) should be conducted above the upper critical 
temperature on virtually all continuous hot-mill fiat- 
rolled products. Such a practice permits the rolled steel 
to pass through a phase transformation after all hot 
work is finished and produces a uniformly fine, equiaxed 
ferritic grain throughout all portions of the steel. For the 
low-carbon steels generally used, proper finishing tem- 
peratures will have been attained when the apparent 
product temperature emerging from the last rolling 
stand is over 1550 ’F. This finishing temperature is 
practical over most thicknesses rolled on most modem 
mills at normal maximum rolling speeds. 

If part of the hot rolling is conducted on steel which 
already has transformed partially to ferrite, the de- 
formed ferrite grains usually will recrystallize and 
form patches or layers of abnormally coarse grains 
during the self-anneal induced by coiling or piling at 
the usual temperatures of 1200 to 1350* F. Such a 
structure is more likely to occur at the surface of the 
product, which is colder than the interior during rolling. 
Very thin hot-rolled material, inadvertently finished far 
below the upper critical and coiled or piled too cold to 
self-anneal, may retain microstructural evidence of 
hot- working. Neither condition is suitable for some 
types of severe drawing applications; both may be cor- 
rected by normalizing the sheet. 

A special case occurs in the steels of the so-called 
“pure iron” or “enameling sheet” compositions, in which 
the sum of the carbon and manganese contents may be 
well under 0.10 per cent. Such compositions often ex- 
hibit a hot-short temperature range between 1650* to 
1900 * F, and normal hot rolling in that range may pro- 
duce deep cracks on the edge of the product. Accord- 
ingly, it is the practice on many mills to complete the 
roughing operations above the hot-short range, to allow 
the steel to cool through the range by holding it on the 
conveyor table between the last roughing stand and the 
finishing train, and to resume rolling by passing the 
product into the finishing train below the hot-short 
range. By this practice it is impossible to finish above 
the upper critical temperature of these steels. 

The runout table following the last rolling stand of 
most hot-strip mills is long enough and equipped with 


enough quenching i^rays to cool the single thickness 
of rolled product 200 to 500 *F below the finishing 
temperature before the continuous length or the hot- 
sheared sheets become a part of the 2 to 20-ton mass of 
steel being formed in the coiler or on the piler. In ad- 
dition, some mills have auxiliary tables or holding beds 
which allow single-thickness cooling to a take-off tem- 
perature of 500 *F or lower. The cooling practice 
employed largely determines the metallurgical prop- 
erties of the steel, its suitability for further processing 
and its final applicability to the intended use. 

On hot-rolled products properly finished above the 
upper critical temperature, a uniform ferrite grain has 
been established and the nmout cooling practice deter- 
mines the carbide characteristics and, to some extent, 
the grain size. The self-annealing effect of a large mass 
of steel coiled or piled at aroimd 1350 "F produces 
considerable carbide agglomeration, a coarse ferrite 
grain and a soft, ductile sheet. Coiling or piling around 
1200* F yields a fine, dispersed spheroidal carbide in a 
finer ferrite matrix, resulting in a somewhat harder 
sheet, which still retains excellent ductility. Even more 
drastic quenching produces various transformation 
states of carbide, down to and including martensite. 
For most low- carbon steel made either for use as hot- 
rolled sheets or as breakdowns for subsequent cold 
reduction, coiling temperatures of 1200 to 1300® F are 
employed; this range provides optimum uniformity of 
mechanical properties without excessive scale formation 
or over- annealing. A few mills have resorted to quench- 
ing the hot coil in a tank of water to inhibit scale forma- 
tion and provide a surface oxide which can be pickled 
very readily. Steels of 0.15 to 0.30 per cent carbon con- 
tent and alloy steels often are quenched drastically to 
attain higher strength levels from finer carbide dis- 
persions, or are coiled very hot to facilitate cold reduc- 
tion. 

As most heat treatment after cold reduction is carried 
out below the lower critical point, the cold-reduced, 
box-annealed microstructurc usually bears a relation- 
ship to the microstructure of the hot-rolled material. 
In the somewhat unusual case of the aluminum -killed, 
cold-rolled deep-drawing sheet, coiling temperatures 
under 1200 * F are employed when rolling breakdowns 
on the continuous hot mill to provide the best drawing 
properties in the finished cold-reduced, box-annealed 
sheet. 


SECTION 5 

HAND HOT MILLS 


Development — ^Prior to the advent of wide continuous 
hot-strip mills, all sheet and tin plate products were 
rolled on single-stand sheet and tin plate hot mills. 
These milb were patterned after the crude water- 
power or horse-driven units used to roll lead and copper 
as early as 1600, which were adapted to rolling thin 
steel sheets for tin plating in England about 1728. Until 
the middle 1930*8, mills of this tsrpe, designated “jobbing*’ 
mills, were used to roll heavy-gage sheets, and “pack** 
or “finishing** mills were used for light-gage sheets and 
tin plate. Except for a few isolated instances, the hand 
hot mill is now obsolete for the rolling of fiat-rolled 
products. For this reason, the process will be described 
in the past tense. 

Frocess— In the original manual process of hot rolling, 
sheet bars, a semi-finished product rolled to a specified 
weight per linear foot and in various widths and thick- 
nesses, were used to produce sheets. Packs made up of 
multiple thicknesses of steel first were prepared by 


“breaking down” or cross rolling sheet bars cut to the 
correct length to produce the width of sheet desired. 
The bars were heated in a bar or “pair” furnace to near 
the upper critical point for the steel, and then passed 
through the rolling mill repeatedly in pairs, one bar 
closely following the other through the rolls of a two- 
high or three-high roughing mill. A number of final 
passes with the bars “matched,” that is, placed one on 
top of the other, might be given the “breakdown** if 
desired to form a “pack” for finish rolling. For light 
gages, the pack usually was “doubled** or folded over 
prior to finish rolling. It should be noted that the term 
“breakdown,” as now applied to a semi-finished hot- 
rolled product of the hot-strip mill, does not describe 
the same physical type of hot-rolled product as in older 
practice, but does connote still an intermediate stage in 
the production of fiat-rolled products. 

In jobbing mills where sheets heavier than 16 gage and 
up to 90 inches wide were produced, packs or bar break- 
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downs, after roughing, might be rolled immediately delivered from the bar mill to the bar shears. When 
on a two-high finishing mill, down to desired finished received, the bars were usually 30 feet or more in 
thickness. In plants equipped with wide continuous hot- length, up to 1 inch in thickness, and 8 to 16 inches wide, 
strip mills, breakdowns and packs eventually were made As the length sheared from the bar finally became the 
from hot-rolled breakdowns produced on the continuous width of the finished sheet, bars of length and width 
hot mill, thus eliminating the operation of breaking suited to produce desired sheet length and thiclmess 
down sheet bars (roughing) that is described later. were selected for each order. The bars were sheared to 

The number of sheets in the finished pack varied from length on guillotine or alligator-type bar shears, pickled 

two to eight according to the finished gage. While prac- when desirable, inspected and delivered in piles to the 
tices in different mills varied somewhat, a typical ar- heating furnaces adjacent to the roughing mills, 

rangement was for sheets of 14 to 18 gage to be finished The bar furnaces wore simple, rectangular, brickwork 
in packs of twos; 19 to 22 gage, in threes; 23 to 27 gage, chambers located and arranged for efiicient handling of 
in fours; 27 to 29 gage, in sixes, 29 to 34 gage, in eights. bars to the roughing mills. Original furnaces were 
Light-gage sheets and tin plate were rolled from heated with coal, first hand-fired and later fired by 

packs on two-high finishing mills. The packs were automatic stokers. The furnaces still in use usually are 

heated and then given successive passes through the equipped for gas or oil firing. The furnaces might be 

mill until the desired thickness was obtained. Finished equipped with pushers which mechanically pushed a 
packs were allowed to cool, then side and end sheared solid row of bars, standing on edge, into the entry door, 

to desired width and length and placed on the opening through the furnace and out the exit door. For low- 

floor. During the rolling operation, the individual sheets capacity specialty furnaces, the bars might be laid in the 
of the pack became firmly stuck together. They were furnace and removed by hand tongs, one at a time 

pulled apart manually with the use of tongs and through a single door. 

“sticker-opener swords.” When the bars had been heated, they were moved by 

At this stage of production, the sheets were classified hand or on roller or chain conveyors to the roughing 
as hot-rolled only. For most uses they had to be heat mills, which might be two-high units with about 28- 
treated, generally by box annealing. Additional tr6at- inch diameter rolls or three-high units with 28-inch 
ments, such as pickling, cold rolling, and oiling, might be diameter top and bottom rolls and middle rolls ap- 
given to the sheets. The sheets also might be used as proximately 16 inches in diameter. The rolls, which were 
the base for galvanized, terne or tin coatings. For high- water-cooled during rolling, were chilled cast iron 
grade sheets, requiring a smooth surface free from all of lengths determined by the maximum width of sheet 
defects, the bars or the breakdowns might have been to be rolled. Ordinarily only the bottom roll was driven, 
pickled prior to rolling. The pickling operation, in ad- The driving mechanism included a motor, gear reducer, 
dition to removing scale, exposed defects which might spindles and couplings. Bearings were usually brass, 
cause imperfections and rejection of finished product, lubricated by grease. The housings which formed the 
Equipment and Operation — The processes and equip- mill frame work were of cast steel, mounted on cast- 
ment required to convert ingots to finished rolled prod- iron bed plates. The amount of pressure exerted by the 
ucts by the foregoing methods are illustrated by the rolls on the bars was controlled by adjustment of two 
flow diagram, Figure 33 — 9. As shown, sheet bar was large screws which passed through bronze nuts located 
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Fzg. 33—9. Comparison of sequences of operations in the production of flat-rolled products. 
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in the tops of the housings. The screws normally were 
adjusted manually through hand wheels or notched 
spanner wheels and spanner bars, though electric 
motors were preferred for the larger mills. Rest bars, 
guides and support rolls were located between the 
housings at strategic points for feeding, catching and 
returning the bars. Mills of this type usually were in- 
stalled in trains, with a number of units driven by the 
same drive through interconnecting spindles and 
couplings. 

The rolls used in the finishing mills were chilled cast 
iron, varying from 22 inches to 32 inches in diameter, 
and up to 96 inches long. As the rolls were not cooled, 
and expanded while rolling the heated packs, they had 
to be shaped properly prior to use to compensate for 
expansion. In order to obtain the desired sheet surface, 
the roll surfaces had to be smooth and free from im- 
perfections which would be transferred to the sheets. 

Breakdowns from the bar mills were rolled on finish- 
ing mills either as packs of sixes or doubled sheets. 
The hot-mill breakdown doubler was a steam or com- 
pressed air hammer with a long face. The pack partially 
was folded over by hand, and the curl flattened by the 
hammer. 

When breakdowns from hot-strip mills were used 
instead of bar breakdowns, they were doubled on 
special-purpose shearing and doubling lines which con- 
sisted of uncoilers for holding and paying-ofT the coiled 
hot-rolled breakdowns, a roller leveller which served 
as the flattener and feeding device, a shear and gage to 
cut the strip to desired breakdown length, a matching 
table on which two or more breakdown sheets were 


piled one on top of another and a roller-type doubler. 

From the doublers, the packs were taken by crane or 
conveyor to the entry end of the finishing-mill pack- 
reheating furnaces. On older-type units, or for specialty 
purposes, these furnaces might be rectangular heated 
chambers, very similar to the bar furnaces, into which 
the packs were placed by hand or the furnaces might 
be used as high-production continuous units, through 
which the packs were conveyed by special alloy con- 
veyor chains. In either case, the packs were heated to 
desired temperature and then delivered manually or by 
conveyor to the finishing mills. 

The finishing mills were two-high units very similar 
in appearance and arrangement to the two-high rough- 
ing mills. On the more modern high-production mill 
units (both roughing and finishing) , mechanical feeder 
and catcher tables were used to handle the pack during 
the rolling operation. These tables were tilting units, 
on which were mounted rapidly reversing conveyor 
chains, side guides and slops, so arranged as to eliminate 
completely the need for manual handling of hot packs 
with tongs. On the finishing mills the sheets were rolled 
to final gage in lengths up to a maximum of about 12 
feet. 

Tlie completed packs, consisting of from 2 to 8 sheets, 
were conveyed across cooling beds and then sheared to 
required size on guillotine-type squaring shears. All 
four edges were sheared and the knives were made long 
enough, when possible, to shear each edge of the largest 
rolled sheets in one stroke. The sheared packs were re- 
moved to the opening floor and the individual sheets 
pulled apart and piled for delivery to other processes. 


SECTION 6 

OXIDE REMOVAL 

(Pickling and Shot Blasting) 

Necessity for Removal — ^The presence of oxide (scale) alternate formation and reduction of the higher oxides 
on the surface of strip, sheet, or breakdowns, is objec- of iron occur. Fe-O-j is formed first and then reduced 


tionablc when they are to be processed further. For 
example, the oxide must be removed and a clean surface 
provided if satisfactory results are to be obtained from 
the hot-rolled sheet or strip in any operation involving 
deformation of the material. If the sheets are for drawing 
applications, removal of the oxide is essential, as its 
presence on the steel surface tends to shorten die life, 
cause irregular drawing conditions and destroy surface 
smoothness of the finished product. Oxide removal is 
also necessary if the sheet or strip is to be used for 
further processing involving coating in order to permit 
proper alloying or adherence of metallic coatings and 
satisfactory adherence when a non-metallic coating or 
paint is used. 

In the production of cold-reduced steel sheet and 
strip, it is necessary that the oxide resulting during hot 
rolling the steel slab to breakdown form be removed 
completely before cold reduction to prevent lack of 
uniformity and eliminate surface irregularities. 

Types of Oxide — The term **oxide’* as used here refers 
generally to die chemical compounds of iron and oxygen 
formed on the surface of the steel by exposure to air 
while the metal is at an elevated temperature. “Scale” 
is specifically the oxidized surface of steel produced 
during heating for working and during hot working of 
steel. Hence, the oxide produced on steel surfaces in hot- 
rolling processes is known as mill scale. Chemical com- 
pounds thus formed are iron osddes FeO, FetOg and 
Fe»04« 

The medianism whereby mill scale is formed gen- 
erally is conridered to be of a dsmamic nature, whereby 
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Fic. 33—10. Comparative effects of temperature and 
atmosphere on the scaling of plain carbon steels, 
all exposed for a constant time. 
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successively to Feg 04 and FeO by the availability of 
iron. Additional FesOs is formed at the atmosphere- 
surface interface and the process becomes continuous; 
the final result is a scale composed of layers richest in 
oxygen at the scale surface and richest in iron at the 
metal surface. FeO, the layer next to the steel, consti- 
tutes about 85 per cent of the scale thickness, FcaO* 
about 10 to 15 per cent and FeaO« about 0.5 to 2 per 
cent. There is evidence, too, of a molecular or ionic 
diffusion process involving oxygen moving inward and 
iron moving outward through the scale. 

The rate of oxide formation is dependent on the 
temperature, composition and physical characteristics of 
the steel, and temperature, character and rate of flow 
of the atmosphere, as well as the length of time the steel 
IS exposed to oxidizing conditions. Figure 112 — 10 shows 
ttraphically the oxide development at temperatures of 
lo00“ to 2200 °F for a low-carbon steel exposed for 
two hours to atmospheres of oxygen, dry air, carbon 
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Fig. 33—11. Comparative effects of time of 
exposure and nature of the atmosphere on 
the scaling of plain carbon steels at 1520 * F. 

dioxide and water vapor. It is noted that rate of scaling 
increases uniformly with temperature when water and 
carbon dioxide atmospheres contact the steel surfaces 
and that interruptions occur in the rate of scaling when 
oxygen and dry air are employed. These interruptions 
are attributed to blistering of the scale which leads to 
pitting of the undersurface. 

Figure 33 — 11, in which scale loss is plotted against 
time for samples of low-carbon steel exposed to carbon 
dioxide, air and oxygen atmospheres, shows increasing 
loss for an increasing time at a given temperature. 
Figures 33 — 10 and 33 — 11 also show relative oxidizing 
activity of the four atmospheres, with carbon dioxide the 
least oxidizing and dry air, oxygen and water vapor 
more strongly oxidizing in the order named. 

PICKLING 

Pickling is the process of chemically removing oxides 
and scale from the surface of a metal by the action 
of water solutions of inorganic acids. While pickling is 
only one of several methods of removing undesirable 


surface oxides, this process is used the most widely in 
the manufacture of sheet and tin mill products, due to 
comparatively low operating costs and ease of operation. 
Considerable variation in type of pickling solution, 
operation and equipment is found in the industry. 
Among the types of picklmg equipment may be men- 
tioned the batch picklers, modified batch, semi- 
continuous and continuous picklers. 

The reaction occurring when steel or iron materials 
are immersed in dilute inorganic acid solutions includes 
the solution of metal as a salt of the acid and the evolu- 
tion of hydrogen. Steel pickled in dilute sulphuric -acid 
solutions is an example of this reaction, with the end 
products of reaction being ferrous sulphate and hydro- 
gen. Adherent films of oxides are undermined by the 
acid attack through the pervious scale on the base nu'tal. 
FeO is not dissolved as readily as the steel, but does have 
higher reaction rates than FeaOa and FcaO*, both of the 
latter being soluble very slowly in the acid. Ferric 
sulphate is formed first and then is reduced to ferrous 
sulphate by the free hydrogen. Sulphuric- acid baths 
rarely contain significant amounts of ferric sulphate 
since this compound is unstable in the presence of re- 
ducing agents. Certain metals, such as copper, chromium 
and nickel, retard the rate of pickling when they occur 
in the steel base, since the scale bearing these alloying 
metals inhibits acid attack. Silicon and aluminum form 
refractory- type oxides, which in turn lower the solu- 
bihty rate of the oxide in the acid. 

The rate of pickling is affected by numerous variables, 
including the aforementioned steel- base constituents 
and type and adherence of oxide to be removed. Solu- 
tion temperature and concentration, ferrous sulphate 
concentration, agitation, time of immersion and presence 
of inhibitors influence the rale of acid attack. While the 
rate of pickling increases in direct proportion to the 
concentration of the acid from zero to 25 per cent by 
weight, the influence of temperature is much more 
pronounced. For example, in 15 per cent sulphuric acid 
an increase in temperature over the range 70 ’F to 
210 ** F doubles the pickling rate for each rise of 15 * or 
20 ® F in temperature. Rate of solution of iron at 180 * F 
is about five times the rate at 140 ® and about 100 times 
greater at boiling than at room temperature. The trend 
in recent years in batch pickling of hot-rolled steels is 
to maintain temperatures at 150 ® to 175 * F if possible 
and to increase or decrease pickling activity with ad- 
justment of the concentration, thus affording some sav- 
ings in fuel for heating and avoiding decomposition of 
the inhibitor. Acid concentration is varied over a rela- 
tively wide range in the industry, dependent on the 
amount of pickling required to prepare the surface for 
the succeeding process. Much higher concentrations are 
used in continuous pickling methods, as the desired 
surface must be secured in the shortest possible time; 
hence, temperatures are maintained at 200“ to 220 ®F 
and concentrations at 12 per cent to 25 per cent. These 
specific examples pertain to the commonly-used 
sulphuric-acid baths. The required concentration is also 
a function of the kind of acid used; for example, 
hydrochloric acid can be used in concentrations of 5 
per cent to 50 per cent. 

The retarding or inhibiting effect of ferrous sulphate 
is recognized widely and provisions are made in every 
pickling operation for adequate control of the salt 
build-up in the bath. Continued use of the bath without 
replenishment results ultimately in complete ineffective- 
ness of the solution. It is usually considered good prac- 
tice to permit build-up of ferrous sulphate to 25 per 
cent and work the bath until the free acid content is 
reduced to less than 5 per cent. 
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Fig. 3S—12. Schematic arrangement of the equipment comprising a continuous pickling line. 


Agitation of either the work or the bath saves time, 
metal and acid and is a practice used widely throughout 
the industry. Several methods have been adopted, such 
as raising and lowering the work in the bath, agitating 
the bath with plungers or circulatory systems or passing 
the work through the bath horizontally. 

Inhibitors — The effect of inhibitors has been known 
and used commercially for years. An inhibitor is any 
substance added to a solution that inhibits or lessens 
acid attack on the steel itself, while permitting pref- 
erential attack on the iron oxides. Originally such 
substances as wheat bran were used but in recent years 
complex synthetic organic chemicals have been manu- 
factured for this purpose. For economic reasons, some of 
the by-products or waste materials of the agricultural 
and oil industries have been used with varying success; 
these still retain a competitive position with the syn- 
thetic inhibitors. The principal requirements of an 
inhibitor are that it must be effective in very low con- 
centrations, its effectiveness must be constant at all 
bath temperatures and concentrations, it must not leave 
an oily or otherwise harmful film on the steel, and it 
must be economical for use on the basis of cost per ton 
pickled. Many inhibitors promote foaming to restrict 
acid and heat losses from the bath so blanketed. 

Wetting agents, while often constituting a supple- 
mentary ingredient to inhibitors, in most cases are some- 
what of an inhibiting agent in themselves and are used 
principally to improve rinsing and wetting of the sur- 
faces. Wetting agents are organic compounds that lower 
the interfacial tension between the steel and the liquid. 
Some improvement in pickling rate is believed to result 
from their use and improvement in rinsing is definite. 

Continuous Pickling Lines— With the advent of con- 
tinuous cold-reduction mills, it was necessary to design 
and develop suitable equipment to remove the oxides 
resulting from the continuous hot-rolling operation and 
prepare the hot-rolled breakdowns for cold reduction in 
coil form. This operation is performed in a continuous 
pickling line (Figure 33 — 12). The primary function of 
a continuous pickling line, as of other pickling processes, 
is the removal of oxide from the steel surface. This 
serves to promote maximum reduction with a minimum 


of power, to assure good roll life in the cold-reduction 
mills and to secure the increased surface density pos- 
sible with cold work. 

The thickness of the oxide varies considerably on 
steel rolled on the hot-strip mill. Loose coiling permits 
greater atmospheric penetration into the wraps, with 
corresponding heavier oxide formation on the edge 
areas. Flexing of the steel in passing through the 
pickling line tends to break this scale or oxide film and 
permits more rapid attack by the acid bath. 

The continuous pickier has other advantages or sup- 
plementary functions. The product of the hot-strip mill 
is subject to fluting (formation of creases when the 
steel is bent or otherwise deformed) due to lack of 
springiness. Continuous pickling lines usually are 
equipped with suitable apparatus for cold working the 
material so that severe local strains are eliminated and 
fluting largely is prevented. Another advantage is that 
they permit individual lengths to be joined into a single 
coil containing multiple lengths, often necessary be- 
cause of coil -length limitations of the continuous hot- 
strip mill. The result is a much longer continuous coil 
for the cold-reduction mills. The pickling line permits 
inspection of the steel for defects and suitability for the 
next operation, and finally oiling of the steel as a protec- 
tion against rusting and as an aid to cold reduction. 

At the coil entry end of a typical continuous pickling 
line are facilities for handling and charging coiled 
product into the line. These usually consist of conveyors 
on which the coils are placed in proper sequence by 
overhead cranes, upenders in cases where the coil is 
delivered with ^e axis vertical, and a motor-driven 
integrated buggy and hoist for placing the coil in the 
uncoiling or pay-off equipment. The cold-working 
equipment, or ^‘processor,” integral with the uncoiling 
equipment, consists of a mandrel on which the coil is 
placed, a hold-down roll, and a series of smaller diameter 
rolls. After the coil is charged on the mandrel and the 
lead-end entered into the small diameter rolls, the hold- 
down roll is brought down and pressure applied to the 
mateiiaL This action alternately flexes the steel around 
the rolls, thus effectively **breaking** the surface scale 
into numerous fine cracks, and increasing the available 
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sub-oxide area for pickle attack. This flexing also cold 
works the steel enough to eliminate, in large part, the 
fluting tendencies of the hot-rolled steel. The group of 
small driven rolls immediately following the hold-down 
or breaker roll applies tension to the steel and also 
serves to straighten and flatten it. A stationary shear is 
located immediately after the processor for the cropping 
and squaring of the coil ends for butt-welding or 
stitching. 

While most of the pickling lines in the industry in- 
clude stitchers for fastening coil ends for continuously 
processing hot-rolled product, many also have installed 
flash butt-welding as supplementary equipment. The 
main advantage of this method of joining coil ends is 
that it provides a joint which can be cold reduced, 
whereas the lapped and stitched joint cannot. 

Following welding, the flash, or excess metal resulting 
from the upsetting action of the welder, is trimmed off 
by a cutter designed for the purpose. The looping pit 
is next in line and provides a continuous storage space 
for material to compensate for short delays at the charg- 
ing end and to permit a uniform rate of travel through 
the acid tanks. The looping pit is usually 10 to 12 feet 
deep and 20 to 40 feet long, depending on equipment 
speed. Construction is generally of concrete with ad- 
justable wood side guides for retaining the lapped -over 
material and preventing twisting. Water is kept in the 
pit to minimize scratching and increase wetting action in 
the first pickling tank. 

The pickling zone consists of several individual acid- 
proof tanks located in a series, comprising an eflective 
immersion length of about 250 to 300 feet. While most 
lines have from three to five tanks, each about 70 to 
80 feet long, some modern lines have only one long tank, 
divided by weirs into four or five sections, thereby in- 
creasing effective immersion depth about 10 per cent 
to 15 per cent. The inside dimensions of these tanks has 
bt'c'Ti more or less standardized at four feet in depth and 
about one foot wider than the maximum product width. 
A steel shell is used for support with layers of rubber 
bonded to the steel and the rubber is protected from 
abrasion by a lining of about 9 inches of silica-base acid- 
proof brick. For operating temperatures in excess of 
200 ° F, a bakclite-base cement generally i.s used for 
bonding. In modern high-speed linos operating at 200° 
to 220 ° F, the brick facing gradually is eroded away, so 
that replacement is required after several years of 
operation. Occasionally, small leaks in the rubber lining 
and the steel tank require patching. However, if care 
IS taken to prevent acid attack on the outside of the 
tanks, the tank assemblies may be regarded as per- 
manent for the life of the line. 

Following the acid lank arc rinsing tanks consisting 
of a cold-water spray rinse and a hot-water tank. The 
cold water rinses the acid carry-over from the steel. 
The hot- water rinse is a tank with an eflective product 
immersion length of 15 to 20 feet. This tank completes 
the rinsing and by warming the steel, promotes flash 
drying prior to entering the succeeding set of pinch 
rolls. Situated between the final rinse tank and the 
pinch rolls are one, two or three banks of hot-air driers 
operating at low pressures. Pinch rolls at the exit end of 
the pickling tanks control the speed of product travel 
and, in conjunction with the pinch rolls which provide 
back tension at the entry end of the line, help to main- 
tain the proper loops in the tanks. 

The delivery end of the continuous pickling line has, 
in the order listed, a looping pit, pinch rolls, shear, oiler, 
recoiler and suitable supplementary equipment for con- 
veying the finished product from the line. The pinch rolls 
preceding the shear are located so that product delivery 
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to the shear is facilitated. Stitches are removed at this 
point, as well as short sections which inspection has 
shown to be inferior quality. Some lines are provided 
also with rotary side trimmers at the entry end or, more 
commonly, at the delivery end. 

Control of acid concentrations in four separate tanks 
within one pickling line posed a critical problem for 
some time. Until recently, it was considered good prac- 
tice to measure the free acid and ferrous sulphate con- 
centrations about four times per eight-hour period and 
make raw-acid additions to each tank on the ba.sis of 
these frequent tests, until iron salts had increased to a 
very high concentration, at which lime the tank was 
dumped and a new pickling solution made up. It was 
developed, however, that high concentration of iron 
salts in the entry tanks was not particularly harmful to 
pickling performance but that a similar condition in 
the final tank resulted in extremely poor line perform- 
ance. The practice of adding raw acid, water and 
inhibitor (the latter being optional) to only the last 
pickling tank was then developed, and this practice, or 
slight variations of it, is now in general use in most 
continuous pickling lines. Tanks are connected with 
large rubber-lined or acid-proof tubes so that thc» acid 
solution will flow countercurrent to the product travel 
from the last pickling tank to the first pickling tank. 
This practice is called “cascading.” The acid and water 
are added continuously at a prescribed rate, usually 
about 35 to 50 pounds of acid per ton of steel pickled. 
Hence, if tlie line production rale is 50 tons per hour, 
acid flow into the make-up pickling tank would be 
equivalent to about one-half to two-thirds gallons per 
minute. Steam is used generally for heating the solu- 
tions and temperatures are controlled automatically. 

Maintenance of coil identity through the pickling 
operation is essential. Schedules are made out showing 
the ‘coil number and other unit identification opposite 
a pickling sequence number. The coils are then charged 
into the line in the sequence listed on the schedule and 
unit identity is reassigned to the coil in the same 
.sequence following pickling. Product delivered to the 
cold-reduction mills carries complete identity as to coil 
number, heat number, width and gage. Mccins of trans- 
porting the pickled coil to the storage area ahead of the 
cold-reduction mill varies from plant to plant, depending 
on the plant layout, nature of transportation available 
and the most economical method. Occasionally, long 
gravity-type conveyors are installed to deliver coils to 
a central point, from which a tractor or overhead crane 
stores the coils in area ways adjoining the cold -reduction 
mills. Slat- type conveyor- tractors also arc employed 
and where the distances involved become greater, rail 
transportation is resorted to. 

Inspection of the raw pickled product is carried on 
continuously at the exit end of the pickling lines. Each 
coil is inspected for surface and edge quality, width and 
gage. Some of the defects commonly causing rejection 
or diversion are as follows: slivers, cracked edges, lam- 
inations, off gage, off width, roll marks, underpickling, 
overpickling, handling damage and pitting. 

Underpickling results when the steel has not had suf- 
ficient time in the pickling tanks to become free of 
adherent scale and occurs when acid concentration, 
solution temperatures and line speed are not balanced 
properly. Variations in the oxide and composition of the 
steel are also factors in underpickled product, as well as 
such factors as coiling temperature off the hot-strip mill 
and inadequate amount of cold working through the 
processor. Overpickling results from line delays which 
permit sections of the steel to remain in the acid too 
long. The presence of an inhibitor reduces iron loss, but 
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Fic. 33 — 13. General view of a mill department containing four continuous pickling lines. 


when an inhibitor is not used, iron loss during a short 
delay period appreciably reduces thickness of the steel 
and raises the hazard of hydrogen embrittlement. Pitting 
is related to overpickling, the presence of non-metallic 
inclusions near the steel surface and to rolled-in scale, 
slag or a refractory substance. While overpickling is 
not common in continuous pickling operations, its oc- 
currence does have a very serious effect on cold- 
reduction performance and surface appearance of the 
finished product. Product damage from handling or im- 
proper equipment adjustment can render the steel un- 
suitable for further processing. 

Prior to recoiling, the pickled steel passes between a 
set of oiling rolls which cover both surfaces with a 
small amount of oil. The type of oil used to lubricate 
the steel, and protect it from rusting during storage and 
from scratching during handling, is determined by the 
type of lubricating system on the cold -reduction mill 
unit. Hence, palm oil, sometimes diluted with light 
mineral oil, is applied to the steel at the pickling lines 
when a straight palm oil or a solution containing palm 
oil is used on the cold-reduction mill. Finally, the 
pickled and oiled product is recoiled on a conventional 
up-type or down-t 3 rpe coiler. 

Figure 33—13 shows a typical continuous pickling 
department consisting of four lines. 

Batch Pickling— Pickling of steel sheets and other 
light-gage sheared lengths is performed with specialized 
equipment in which a batch of sheets are processed to- 
gether. In general, there are two basic methods of batch 
pickling and several modifications of them, but die 
employment of agitation as a means of increasing pick- 
ling rate is common to both. One method is to employ 
a large wooden or acid-resistant concrete tank installed 
in the floor so that the top of the tank rises about two 
feet above floor level. The tank is divided into two 
sections by a wooden partition extending between 6 to 
10 inches from the tank bottom; one section is smaller 
than the other. A large float is inserted in the smaller 
compartment and the material to be pickled is placed 
in the larger side. Fordng the float down into the bath 


displaces acid solution in the smaller section and raises 
the level of the acid solution in the other compartment. 
The wood float is attached to a gear-driven crank, 
making the motion quite rapid, and effectively agitating 
the bath. Sheets are placed in a near vertical position 
on an acid-resistant metal rack, and pins inserted be- 
tween every few sheets to facilitate exposure of all 
surfaces. The rack is then placed in the bath by an 
overhead crane and allowed to remain for several min- 
utes. After sufficient pickling, the sheets are rinsed in 
a cold-water tank to wash off any iron-salt residue. 
This type of pickling is employed commonly in shops 
where a clean surface free from scale and mill dirt is 
required for hot-dipped galvanized or long teme prod- 
ucts. Acid concentration is varied from 4 to as high as 
12 per cent, depending on the amoimt of surface etch 
required. Temperatures usually are maintained between 
150 ®F and 190 T. 

In the second general type of batch picklers, the work 
is agitated instead of the bath. Equipment consists of 
a minimum of two, and more often three, tanks recessed 
into the floor and located at 90 degree steps to each other 
on about a 15-foot radius. At the center is a vertical 
mast topped by a four-armed spider from which the 
holding racks are hung. The pickling sequence begins 
at the loading station, followed by a high-concentration 
acid bath and, in a two-tank system, succeeded by 
rinsing and unloading stations. In the three-tank system, 
the first pickle tank is followed by either a more dilute 
acid solution or a cold-water rinse, followed in turn by a 
hot-water rinse. Racks must be unloaded at the fourth 
station prior to loading. A variation of this method has 
the tanks installed in tandem, with the first tank con- 
taining the highly concentrated acid solution, followed 
by a very dilute acid or cold-water rinse and finally 
with a hot-water rinse. The racks are suspended from a 
sectionalized conveyor system which plunges the work 
in the bath, the section immediately above the tanks 
being separated from the return rack conveyor off to the 
side of the pickle tanks. In this manner, racks are never 
removed from the overhead conveyor system, exo^t 
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Fig. 33—14. A rack loaded 
with black plate is being 
pushed into position be- 
fore a plunger- type 
pickling machine for 
“white pickling** of the 
plate prior to tinning. 



for maintenance, and the product flow assumes a more 
continuous aspect. When pickled sheets are furnished 
the customer for use in that condition, it is necessary to 
force-dry them to minimize rusting. Equipment for dry- 
ing consists of a short hydrochloric-acid bath, water 
spray rinse, high- volume V-type dryers, and pilers. 
Roller leveling frequently is included to obtain standard 
mill flatness and a rotary brush scrubber may be incor- 
porated in the drying sequence. 

Figure 3.T'-14 shows a plunger- type pickling machine 
used for “white pickling” of plate for tinning. 

Adjustment of the pickling bath for batch-type pick- 
lers is accomplished by adding raw acid after the water 
has been brought to the correct level. Sulphuric acid is 
used for low- and medium-carbon steels in concentra- 
tions ranging from 1 per cent to 4 per cent for tin plate 
and from 4 per cent to 8 per cent for sheet products, with 
the temperature maintained between 150 ^ F and 190 “ F. 
During working of the solution the acid is depleted and 
fresh acid must be added periodically as indicated 
by suitable tests for free acid and ferrous sulphate. 
Inhibitors generally are used so that iron loss is low and 
the hazard of hydrogen embrittlement reduced to a 
minimum. 

After pickling certain steels containing small amounts 
of copper or nickel, a “smut** or dark film appears on the 
sheet surface. As a rule, the film contains relatively 
high percentages of the alloying elements and a dilute 
solution of hydrochloric acid must be used to attain 
the necessary cleanliness. 


uct is fed continuously from coils or as cut-length sheets 
tlirough the equipment, which consists usually of two 
separate shot blasters, one for each surface, inter- 
connected with common abrasive -feeding auxiliary 
equipment. The type of abrasive used for this application 
is crushed-steel shot, which is more effective than round 
shot in giving the desired cutting action with a minimum 
of peening. Auxiliary equipment includes abrasive stor- 
age and feeding facilities and dust separators to elimi- 
nate the fines that result from the breakdown of the 
particles upon striking the sheet surface. 

Shot blasting, or more correctly, grit abrasive blasting, 
has several advantages over pickling for preparing heavy 
sheet for galvanizing. The principal advantage is that 
of obtaining better adherence with heavy zinc coatings. 
Secondarily, hydrogen embrittlement in heavy-gage 
sheets presents a greater hazard than in lighter gages, 
hence this type of cleaning is preferred over pickling. 
Storage of blasted product in dry areas permits process- 
ing of product ahead of the galvanizing pot, while pick- 
ling must necessarily be lied in with pot operations as 
pickled product rusts rapidly after pickling. On the other 
hand, shot-blasting equipment requires considerable 
maintenance, as the wear of abrasives on all contacting 
parts is relatively high under a wide range of operating 
conditions, and production rates are relatively low on 
such units. 


SHOT BLASTING 

Shot blasting is employed in the flat-rolled steel 
industry for cleaning and smoothing the edges of plate, 
and for the removal from sheet surfaces of mill dirt, 
scale and rust in the manufacture of sheet for special 
applications such as galvanized culvert stock, where 
service requirements demand good adherence of rela- 
tively heavy coatings. In this operation, hot-rolled prod- 



Chapter 34 
MANUFACTURE OF 

COLD-REDUCED FLAT-ROLLED PRODUCTS 


SECTION 1 

PRINCIPLES OF COLD REDUCTION 


Introduction-Cold-reduced flat-rollod products are 
made by cold rolling hot-rolled breakdowns in coil 
form from the continuous hot-strip mill after the 
breakdowns have been descaled by continuous pickling. 
Tbe purposes of cold rolling are to reduce thickness 
(25 to 99 per cent), to produce a smooth, dense surface 
and, with or without subsequent heat treatment, to 
develop controlled mechanical properties. The dimen- 
sional classifications of cold-reduced products are given 
in Table 33-11 of Chapter 33. 

The introduction of continuous methods for cold re- 
duction of steel was the final step in the development 
of present-day rolling facilities for sheets and tin plate. 
As in the case of the hot-strip mill, cold reduction of 
wide hot-rolled breakdowns in coil form was developed 
from the rolling of narrow products. The original 
purpose of cold rolling was, however, to achieve the 
desired surface and mechanical properties, and reduc- 
tion in thickness was of incidental importance. Cold 
rolling of strip probably originated in Germany early 
in the nineteenth century as a process for cold rolling 
high-carbon wire to produce a flattened cross-section. 
Similar practices were adopted thereafter in this 
country. Low-carbon cold-rolled strip, the forerunner 
of today’s cold-reduced strip sheets and tin plate, was 
first made in this country at the Stanley Works at New 
Britain, Connecticut. For years, the raw material for 
such strip was produced on merchant bar mills. Later, 
cold-reduction equipment developed rapidly, concur- 
rent with the introduction of narrow continuous hot- 
strip mills and their evolution to the modem wide mills. 
Today, the narrow and wide cold-reduction mills pro- 
vide the major outlet for hot-rolled breakdowns in coil 
form. 

In the cold reduction of wide hot-rolled breakdowns 
in coil form, the prime objective is reduction in thick- 
ness of the material, since the modem hot-strip mill 
cannot reduce the steel to the gage required for many 
applications (such as tinplate). The development of the 
cold-reduction process for wide products has been 
even more rapid than that of the continuous hot-strip 
mill. The first efforts toward cold reduction of wide 
hot-rolled breakdowns in coil form were made in the 
1920’s and the process changed rapidly from single- 
stand non-reversing mills through single-stand revers- 
ing mills and then to the present-day high-speed tan- 
dem mills. Using tin plate as an example of the rate 
of change in the methods for reducing very thin flat- 
rolled steel, it is found that, in 1936, 24 per cent of the 
black plate for this country’s tin plate production was 
cold reduced, with the balance made by the old hot 
pack-rolling method. By 1939, 75 per cent of all tin 


plate was made by the cold-reduction process and this 
figure reached 100 per cent by 1943. 

Sequence of Operations in Cold Reduction— After hot 
rolling, the hot-rolled breakdowns in coil form are un- 
coiled, passed through a continuous pickier, dried, oiled, 
and re-coiled. The oil serves as a protection against 
rusting and as a lubricant during cold reduction. There 
arc several types of cold-reduction mills which vary 
in design from single reversing two-high, four-high or 
multiple-roll units to continuous four-high stands with 
up to five units in tandem. In rolling on any of the 
single-stand reversing mills, the product is rolled back 
and forth between the work rolls, through which very 
high pressures are exerted, until the desired thickness 
is reached. The steel may be forced through the roll 
pass by rotation of the power-driven rolls or may bo 
pulled through non -driven rolls by tension reels in 
front and back of the mill or a combination of these 
effects may be used. In tandem rolling, the product is 
given one pass through three, four or five stands (Fig- 
ures 34 — 1, 34 — 2, 34 — 3 and 34 — 4), each contributing to 
thickness reduction and each driving the material being 
rolled, usually at speeds so synchronized that the steel 
is under tension at each of the stages between the pay- 
off reel, the various sets of work rolls and the re-coil 
reel. The total thickness reduction may vary from 25 
per cent to as much as 90 per cent of the hot-rolled 
thickness for sheets and black plate and up to 99 per 
cent for strip. Unlike hot-rolling, no scale is formed, 
but much greater pressures and driving forces are re- 
quired to effect a given reduction in thickness. 

For any given pass in the cold-reduction process, the 
resultant of the compressive forces of the rolls on the 
steel and the tensional forces along its length between 
the reels and rolls must exceed the elastic limit of the 
steel to produce permanent deformation. For the first 
pass after hot rolling, these forces are at their minimum, 
and for each succeeding pass they increase progres- 
sively, because the effect of the cold working through 
eac^ pass is to increase the elastic limit sharply. The 
ultimate strength also is increased, but more slowly. As 
a result, much of the cold reduction is done on very 
hard steel having very little residual ductility. 

Heavy reductions at high speed on any of the various 
types of mills generate considerable heat and not only 
raise the temperature of the product but also that of 
the rolls. The heat generated must be dissipated by a 
system of flood lubrication in which a water-soluble 
oil or a mixture of oils is directed in small streams or 
jete against the roll bodies and the surface of the steel. 
Some mills use palm oil on the steel and high-pressure 
water on the rolls. In any event, the resultant steel 



COLD-REDUCED FLAT-ROLLED PRODUCTS 


60S 


STRIP 

“WEL 


TRA\ 



♦ 

If 't UNCOILER 



Fig. 34—1. Schematic arrangement of the mill stands and 
auxiliary equipment comprising a modem five-stand 
tandem cold-reduction mill. The shaded sections of the 
drawing represent the mill housings of the five four-high 
mill stands. Only one work roll of each stand is indicated 
in black; no other rolls are shown. 


temperature generally runs between 150 * and 250 ® F. 
On high-speed tandem mills, rolling 0.010-inch thick tin 
plate stock, delivery speeds up to 5000 feet per minute 
w now being used. Tlie temperature of the steel leav- 
ing such high-^ed mills may be as high as 400* F. 

The proper reduction of thickness which should be 
made at each pass of a reversing mill or in rolling on 
each stand of a tandem mill can be expressed only in 


uted as uniformly as possible at the various stages 
without falling very much below the maximum capac- 
ity of any stage. The maximum is determined in each 
case by several factors, of which the most important are 
mill design, power available, steel width and total re- 
duction to be taken, steel lubrication, steel cross- 
sectional contour, steel hardness, steel tension, steel 
surface, roll diameter and roll surface. Generally, the 
lowest percentage of reduction is in the last reduction 






34-— 2. An 80-inch, three-stand tandem cold-reduction mill. The motors and driving mechanism are in the left foreground, with the three four-high mill stands in the 
middle background. 
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Fig. 34 — 3. A 54-inch, high-speed, four-stand tandem cold -reduction mill. The delivery end of tins mill is at the left of 
the illustration. 
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Fiq. 34r--4. A 48-inch, high-speed, five-stand tandem cold-reduction mill. Product being rolled travels throu^ the mill 
from right to left in this view. 
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pass to permit better control of the flatness of the 
finished product. On the conventiontd wide four-high 
tandem mills used to cold reduce most sheet and tin 
plate stock, the individual pass reduction will range 
generally between 25 and 45 per cent on all stands but 


the last, where it will fall between 10 and 30 per cent. 
The resultant total reduction on these mills from hot- 
rolled breakdowns in coil form to finished product will 
usually run 45 to 65 per cent for most sheet gages and 
80 to 90 per cent for most tin plate. 


SECTION 2 

ROLL ARRANGEMENT FOR COLD REDUCTION 


In reducing the thickness of steel, the action of a 
pair of rolls may be visualized as being somewhat 
similar to that of two very blunt knife edges in cutting 
partially through a stationary piece across which the 
knife edges are opposed under pressure. The smaller 
the roll diameter or the sharper the knife edges, the 
less pressure is required to do the necessary work. 
Other factors being equal, the force imposed across a 
set of work rolls to obtain a given reduction in thick- 
ness of steel varies with the square root of the roll 
diameter. To minimize the power requirements and mill 
size, it is, therefore, advantageous to use work rolls 
of as small diameter as possible. 

The steel being rolled is necessarily narrower than the 
length of the work rolls. In a two-high n\ill, these rolls 
are supported only at their ends and rolling pressure is 
applied there. In view of this, it is obvious that rolls of 
some minimvun diameter no longer will be sufficiently 
rigid to withstand the necessary pressures without 
bending. In extreme cases, this bending along the 
length of the roll might be sufficiently great to cause 
the rolls to touch each other at the ends. The tendency, 
of course, is for the bending to increase as the mill 
width (the roll length) becomes greater. Using a 
“crowned roll,” one that is slightly larger in diameter in 
the middle than at the ends, will compensate partially 
for the roll deflection just described. 

In order to overcome the difficulties arising from 
bending of work rolls of small diameter without sacri- 
ficing the advantage of the small diameter, the modem 
mill backs up the work rolls with rolls of larger diam- 
eter. These more massive rolls resist the bending force 
of the screw-down pressures applied to their ends, and 
the pressures are transmitted to the work rolls along 
their entire length. For example, four-high cold- 
reduction mills in the 42-inch to 98-inch width range, 
which produce nearly all cold-rolled sheets and tin 
plate, will have two work rolls of 16-inch to 21-inch 
diameter, each backed up by a roll of 42-inch to 56-inch 
diameter. The driving power is applied at one end of 
each of the work roUs of such a mill and screwdown 
pressure at both ends of the backing-up rolls. 

While the widespread use of such conventional four- 
high mills, in single stands or, more commonly, in tan- 
dem arrangements, has long ago proved their economic 
suitability for producing most of the cold-rolled flat 
steel products, many departures from this type have 


been tried to obtain even smaller work-roll diameters. 
In the four-hi^h Steckel mill, none of the rolls are 
driven and the steel is pulled back and forth between 
the 2 to 5-inch diameter work rolls by reversing power- 
driven reels. The back-up rolls in this case are 24 to 36 
inches in diameter. Most Steckel installations are con- 
fined to the rolling of narrow strip. Other mills, known 
as the “six-high” or “cluster” types, use two or more 
backup rolls for each work roll. The currently most 
successful of the multiple-roll class is the Sendzimir 
mill, with two work rolls of 1 to 2 -inch diameter. 
Each work roll is backed up by two rolls of twice that 
diameter, each of which in turn is backed up by two 
segmented rolls of even larger diameter. The inter- 
mediate backup rolls are driven and the outer seg- 
mented rolls, which are actually rows of bearings on 
common shafts, provide a caster-like support action and 
permit the application of screw pressure by rotating 
these shafts eccentrically. As a result, a light, wholly- 
enclosed housing is possible and the entire roll system 
is immersed in lubricant. This mill appears to be well- 
adapted to taking heavy reductions on steels of the 
harder grades such as stainless and high-silicon steels. 

Even witli the rigidity provided by massive backup 
rolls, work rolls of the common four-high mills will 
flex or bend somewhat under the rolling pressures used; 
this tendency is greater in the wider mills. Accordingly, 
on mills rolling sheets and tin plate, work rolls are 
“crowned,” that is, ground with roll diameters which 
increase very gradually from end to center. This con- 
vexity, which may consist of a diameter differential of 
0.010-inch on the widest mills, compensates for normal 
roll flexure. On mills about 40 inches wide, the crown 
may be 0.001 -inch or less, and on narrow cold-reduction 
mills it is usually unnecessary. The work rolls them- 
selves are made of forged, hardened steel, surface 
ground to a high finish on specially-designed precision 
lathes. Work rolls for the last stand of a tandem mill, 
especially in a three-stand mill for sheets, generally are 
roughened slightly by shot-blasting to impress a matte 
pattern on the sheet as an aid in preventing sticking of 
stacked sheets in «mnealing. Work rolls for narrow 
cold-reduced strip, ^vhich requires a much brighter 
surface than sheets, ai^ highly polished. Backup rolls 
on wider mills are generally made of cast steel and are 
always surface ground. They can be shaped “flat,” that 
is, with no crown, or with up to 0.010-inch convexity. 


SECTION 3 

TYPICAL MILL LAYOUTS 


Four-High Tandem Mills — ^The bulk of the cold- 
reduced flat steel made in this country is rolled on 
three-, four- or five-stand four-high tandem mills. 
Most tin plate falls in the thickness range of 0.008 to 
0.014-inch and requires 80 to 90 per cent cold reduction 
from the thinnest hot-rolled breakdowns in coil form 
available in the width range of 24 to 36 inches. Tin plate, 
therefore, usually is rolled on five-stand mills around 
42 to 48 inches wide. Most cold-rolled sheets for 


automotive bodies, agricultural implements, architec- 
tural use, furniture and household equipment are re- 
quired in thicknesses of 0.025 to 0.065-inch and widths 
of 30 to 72 inches. Material for these applications, most 
of which is given 45 to 65 per cent cold reduction, gen- 
erally is rolled on three-stand mills producing material 
ranging from 54 to 98 inches in width. Four-stand mills, 
usually 48 to 56 inches wide, may be used to roll tin 
plate but are best adapted to produce 0.015 to 0.030-inch 
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thick, 24 to 47-inch wide sheets for such applications as 
roofing, signs and containers. Maximum delivered cold- 
reduced strip speeds on such tandem mills may run as 
high as 1000 feet per minute on a three-stand, 3000 feet 
on a four-stand, and 6000 feet on a five-stand mill. The 
average operating speeds vary greatly throughout the 
industry. 

All such mills have uncoiling reels, cradles, or boxes 
from which the coil is fed into the actual roll train, 
coil ends being started either by hand or by pinch 
rolls. At the discharge end the finished coils are re- 
coiled on a mandrel, being started by a belt wrapper 
(a continuous driven fabric belt bearing against the 
mandrel), which guides the head end of the cold- 
reduced strip around the mandrel and is withdrawn 
when the re-coiling has been so started. 

Mill housings are massive castings, similar to those 
on finishing stands of a hot-strip mill. On most tandem 
mills, both work rolls of each stand are driven through 
a pinion arrangement by a single motor, up to 5000- 
horsepower motors being used, although some of the 
latest mills have individual motors for each work roll 
on some stands. For the first stand or stands, in which 
the rolling speed is relatively low, motors are geared 
down; direct drive may be used for one or more of the 
remaining stands of such a tandem mill. 

The 48-inch five-stand tandem mill at United States 
Steel Corporation’s Irvin Works servos as an example 
of a unit of this type (Figure 34 — 4). This mill rolls a 
pickled, 12,000 or 24,000-pound, hot-rolled breakdown 
in coil form from approximately 0.085-inch thickness 
down to an average gage of 0.010 inch at a speed of 3300 
feet per minute. The five stands, plus the reel, require a 
total of 11,000 horsepower for driving. From the moment 
when the head of the coil has been threaded through 
all stands until the mill reaches top speed, roughly 40 
per cent of the horsepower is used for acceleration; the 
balance is required for reducing the metal. On this 
mill, the motors on No. 4 and 5 stands and also on the 
reel are of the double-armature type. Such motors pro- 
vide a marked reduction in accelerating time and im- 
proved control at high speeds due to their lower inertia. 
The work roll and backup roll diameters are 21 inches 
and 53 inches, respectively. All work rolls are equipped 
with roller bearings while the back-up rolls are equip- 
ped with oil-film bearings. On an average, the work rolls 
in No. 5 stand are changed for redressing the surface 
after rolling every 150 tons; No, 4 stand, after 250 tons; 
and the first three stands after rolling somewhat over 
1000 tons. Back-up rolls on the 5-stand tandem mill 
average approximately 20,000 tons between dressings. 
The cold-reduced strip tension reel at the delivery end 
is designed to pick up the end of the strip coming from 
the mill, grip it slowly and put it under tension without 
sudden or undue stress. The reel also winds the cold- 
reduced strip under constant tension, slowing down 
automatically without altering the tension as the coil 
increases in diameter. Such control is necessary to pre- 
vent tearing of the very thin, hard, cold-reduced strip. 
The reel is of the collapsible type and easily stripped 
by an air-operated plunger. 

Four-High Reversing Mills — A typical four-high re- 


versing mill consists of a single stand with reels located 
on each side of the mill. The mill itself is essentially the 
same in design and arrangement as the individual 
stands of a tandem mill. In the reversing mill, the steel 
must be passed back and forth until the required re- 
duction is obtained. On the entry side of the mill, means 
are provided for uncoiling and feeding the coil through 
the mill to the tension reel on the delivery side. After 
the first pass, the tail end of the coil coming from the 
uncoiler is gripped by the second tension reel on the 
entry side of the mill. In each pass, the reel serving as 
the payoff unit is operated as a generator, providing 
back- tension to minimize rolling friction and feeding of 
current into the drive-reel motor. On the last pass, the 
tail end of the coil is released from the unwinding 
tension reel, completely wound on the winding reel and 
stripped in a manner similar to the action on the de- 
livery reel of the tandem mill. For the rolling of tin 
plate product, a reversing mill usually requires five 
passes; for relatively heavy sheet product, usually three 
passes. All passes are considerably slower than the 
delivery pass of a tandem mill. From this it can be 
seen that a reversing mill is inherently flexible but can- 
not compete with a modem tandem mill from a produc- 
tion or cost standpoint where large tonnages are in- 
volved. Low installation costs in comparison to tandem 
mills make reversing mills popular for the production 
of specialty items that vary widely in dimensions and 
are ordered in small tonnages for each specification. 

Two-High Cold Mills — Two-high cold mills may be 
used singly or in tandem for reducing narrow coils. 
Low-carbon steel may be reduced as much as 50 per 
cent on such mills, usually in four passes. In practice, 
however, no more cold working is done than is neces- 
sary to obtain the finish desired, and it has been found 
that best surface finishes can usually be obtained in a 
four-gage reduction; i.e., from 16 to 20 gage. The general 
practice on two-high cold-rolling mills is to roll coils 
down to the finished gage but not less than 0.020 inch 
in thickness for widths up to the diameter of the rolls. 
For coils under 0.020 inch thick, this relation between 
width of steel and diameter of rolls decreases, until for 
a thickness of 0.010 inch, the width of steel is about 
half the roll diameter. Aside from surface finish and 
control of hardness, the chief object of cold rolling 
narrow coils on the two-high mills is to obtain product 
as free as possible from camber, buckles, ruffles and 
gage irregularities of the hot-rolled product. These 
defects are overcome to a high degree by the process 
of rolling under tension. Unwinding reels with sufficient 
drag capacity, together with a delivery reel of sufficient 
power to stretch the steel, are a necessary part of any 
modern two-high mill installation for the rolling of 
narrow coils. In addition, most mills rolling narrow 
coils are equipped with rolls to control the form of 
the edges of the steel and also to control its width. 
These edge rolls are relatively light in construction and 
are grooved to produce the required edge. They revolve 
on vertical axes and are mounted in housings immedi- 
ately in front of the horizontal work rolls. Edge rolls 
may be power driven or the steel may be pulled through 
idle edge rolls by the horizontal work roUs. 


SECTION 4 

DISPOSITION OF PRODUCT 

^ Dbposition of Strip After Cold Reduction— Disposi- tions, on which heavy cold reductions have been used, 

tion of the cold reduced, hard strip depends on prior or as intermediate tempers, in which the cold-reduced 

processing and ultimate use. Much narrow high-finish strip has been reduced a predetermined percentage 

strip is sold as cold reduced, for “full-hard” applies- from hot-rolled breakdowns in coil form or inter- 
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mediate-annealed gage to develop specified mechanical 
properties. 

For sheet products, the coil may be taken to an un- 
coiling, side-trimming and sheet-shearing line, where 
it is cut to sheets of accurate size prior to heat treating. 
When annealing is to be done in coil form, the coil is 


either recoiled through a side trimmer or, if side trim- 
ming to width has been done on the continuous pickling 
line before cold reduction, the coil is conveyed directly 
from the mill to the annealing department. For tin plate, 
the coil is subjected to an alkaline cleaning process for 
removal of surface dirt and oil prior to annealing. 


SECTION 5 

COLD-REDUCED STRIP CLEANING 


In order to satisfactorily coat tin and teme plate 
either by the hot-dip or electrolytic process, it is neces- 
sary to clean the cold-reduced steel to remove the 
lubricant used in cold reduction, since the lubricant 
film left on the steel will decompose during annealing, 
and leave undesirable residues of carbonaceous ma- 
terial. Such residues are not removed satisfactorily in 
the subsequent pickling operations. Without exception, 
cold-reduced strip cleaners currently employ alkaline 
detergent solutions to remove the rolling-mill oils or 
solutions. The most commonly used reagents are caustic 
soda, sodium orthosilicate and trisodium phosphate; 
sodium motasilicate and sesquisilicate also have found 


some application for certain types of product cleaning. 

The type and amount of lubricant to be removed 
should be evaluated, as this may have a bearing on the 
required characteristics and operating conditions of 
the cleaning solution. Electrolytic action, while not uni- 
versally employed, is believed to have merit. Fig- 
ure 34 — 5 shows diagrammatically a continuous cold- 
reduced-strip cleaning line designed to employ the 
electrolytic principle. The detergent solution cleans the 
steel and serves as a conductor of electric current be- 
tween the electrodes shown and the products being 
cleaned. Thorough rinsing of the steel after cleaning is 
essential to completely remove all contamination. 


HOT AIR 
DRYER 



Fig. 34—5. Schematic arrangement of the equipment comprising a typical electrolytic cleaning line for processing cold- 
reduced steel. 


SECTION 6 

HEAT TREATMENT OF COLD-REDUCED STEEL 


Purposes and Types of Heat Treatment— As is true of 
other steel products, sheets, strip and tin plate are heat 
treated primarily to effect changes in mechanical prop- 
erties which will render the material suitable for the 
intended purpose. Other heat-treating objectives, in- 
volving relatively small tonnages of flat-rolled steel 
but highly important to the specialized commodities to 
which they apply, include: solution of chromium car- 
bides to attain maximum corrosion resistance of aus- 
tenitic stainless steels; development of optimum mag- 
netic properties and establishment of the thin insulating 
oxide on silicon-bearing electrical sheets; dispersion or 
spheroidization of carbides to influence later heat- 
treating characteristics of alloy and high-carbon sheets. 

Except for the very small proportion of “full-hard” 
cold-reduced strip and sheets used in the as-cold- 
reduced state to take advantage of the high strengths 
developed by cold reduction, some form of heat treat- 
ment is applied as a separate operation to all cold- 
reduced flat products to restore the ductility lost in 
cold reduction. In the case of hot-rolled sheets and 
strip made on a modem continuous hot-strip mill, 
supplementary heat treatment is usually unnecessary. 
On such hot-rolled material, rolling practices are used 


which include definite finishing, piling and coiling 
temperatures as the steel leaves the last pass of the 
mill; the resultant “mill heat treatment” can be varied 
to provide mechanical properties in the as-rolled state 
which are satisfactory for most uses. This section will 
consider only those types of heat treatment conducted 
as separate operations. 

Heat treatment of cold-reduced sheets, strip and tin 
plate may be divided into (a) “batch” operations — com- 
monly called “box annealing” — in which a large station- 
ary mass of steel is subjected to a long heat-treating 
cycle by varying the temperature within the furnace 
which surrounds it; and (b) “continuous” operations — 
including “continuous annealing,” “strand annealing” 
and “normalizing” — in which a single thickness or a 
few thicknesses of cold-reduced sheet or strip are 
passed through a furnace in a relatively short time and 
receive a heat-treating cycle determined by the tem- 
perature distribution in the furnace and the dimensions 
and rate of travel of the steel. 

Virtually all box-annealing practices slowly raise 
the steel to a temperature level at or below the lower 
critical point and “soak” it there for several hours. 
Such a cycle provides full recrystallization for steel in 
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the severely-deformed cold-reduced state and results 
in the softest possible finished product; accordingly, 
box annealing accounts for about 95 per cent of the 
heat treatment applied to cold-reduced steel and about 
90 per cent of the heat treatment applied to all flat- 
rolled steel in the United States. 

Depending on the nature of the steel and the results 
to be obtained, in continuous heat treatment the steel 
may be heated quickly to a maximum temperature at 
or somewhat above the lower critical temperature (con- 
tinuous, strand or open annealing) , or it may be heated 
slightly above the upper critical temperature (normal- 
izing). In any case, tlie time at temperature is only a 
few minutes and the cooling rate is fast as compared 
to the hours-long cooling cycle of a box-annealed 
charge. The ferrite and structures resulting from trans- 
formation in cooling are fme-grained and the finished 
steel is generally harder than that produced by box 
annealing; continuous heat treatment is used, therefore, 
to attain properties not attainable by box annealing, but 
usually the product is somewhat harder. 

While the great bulk of flat-rolled steel products can 
be heat treated adequately at temperatures around 
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1250 ^ F, a few, because of tlieir sluggish recrystalliza- 
tion tendencies after cold reduction, or their need for 
relatively quick cooling from the austenitic state to at- 
tain optimum properties, must be heated to tempera- 
tures ranging from 1400® to 2200® F. In such cases, con- 
tinuous heat treatment is the most convenient method, 
as it avoids the hazard of pressure welding (“sticking”) 
inherent in large masses of cold-reduced products held 
for hours at such temperatures. Continuous heat treat- 
ment is the only way to attain the quick cooling neces- 
sary to hold chromium carbides in solution in austenitic 
steels such as AISI Type 304 or to develop high strength 
levels in alloy sheets of the AISI 4130 type. It permits 
maximum reaction between a decarburizing atmos- 
phere and the steel being treated (in single thicknesses) 
for such products as silicon-bearing sheets, whose 
magnetic properties require very low carbon contents. 
The controlled recrystallization possible in continuous 
heat treatment makes a fine-grained microstructure 
easy to obtain when such is desired, and minimizes the 
tendency for retention of directional properties of rolled 
steel which may be responsible for undesired irregular 
shapes in attempting to produce cylindrical stampings. 


SECTION 7 

EFFECTS OF HEAT TREATMENTS ON MICROSTRUCTURE 


Box Annealing — Prior to cold reduction, low-carboii 
rimmed steel in the form of hot-rolled breakdowns has 
more or less equi-axed ferritic microstructure, with 
the carbides visible as pcarlite or cementite (depend- 
ing on whether the product was coiled cold or hot); it 
is relatively free of internal stresses, particularly if 
coiled hot and so “self-annealed.” Cold reduction, how- 
ever, elongates the grains from one- to ten -fold, greatly 
distorts the crystal lattice, and induces heavy internal 
stre.s.st‘s; the resultant product is very hard, with little 
ductility. This high degree of plastic deformation, how- 
ever, renders the steel capable of returning to micro- 
structural “equilibrium” by recrystallizing during heat 
treatment at temperatures well below those represent- 
ing the thermal zone of conventional phase transforma- 
tions. If such recrystallization is allowed to continue to 
completion by holding the steel at the proper tem- 
perature for suflicient lime, the resultant structure 
again will consist of clearly-defined equi-axed ferrite 
grains with undistorted lattices and the steel again will 
be soft and ductile. In whatever state they were in the 
hot-rolled product, the carbides will have formed 
cementite, either small scattered spheroids (from hot- 
rolled breakdowns coiled cold) or massive agglomerates 
(from hot-rolled breakdowns coiled hot or from anneal- 
ing slightly above the lower critical temperature). 

Assuming sufficient time at the annealing tempera- 
ture, steel given a heavy cold reduction will begin to 
crystallize at a lower temperature, will complete re- 
crystallization more quickly, and finish with a finer 
ferrite grain, than steel given a light cold reduction. 
This is because the former material is more distorted 
before annealing and so has more centers of nuclcation 
and higher localized stresses to induce the crystalline 
realignment. Similarly, those variations in practice dur- 
ing the hot-rolling of breakdowns which affect grain 
size of the product will affect similarly the microstruc- 
ture of the cold-reduced, box-annealed steel, within 
the limits determined by steel grade, degree of cold 
reduction and annealing practice. 

Recrystallization begins at each nuclcation center 
with a return from distorted to “normal” atom align- 
ment and is propagated by absorption of the surround- 


ing distorted material into that alignment until the 
growth stops, establishing a single ferrite grain. Grain 
formation generally is stopped by the advancing fronts 
of differently-oriented adjacent grains. Within the 
practical range of recrystallization temperatures, how- 
ever, the tendency of adjacent grains to assume the 
same lattice alignment, and to merge to form a larger 
grain, increases with increasing temperature. The maxi- 
mum annealing temperature at which the steel is held 
for a significant time, therefore, determines the finished 
grain size for a given steel grade, hot-roUing practice 
and degree of cold reduction. 

Beyond the period permitting full recrystallization — 
one to four hours at maximum temperature is sufficient 
for common steel grades and mill practices — time at 
subcritical temperature has relatively little effect on the 
grain size of the common steels. Extended “soaking” 
times do, however, lower the hardness for a given grain 
size, so that the annealing cycles applied generally hold 
the steel at temperature two to four times as long as 
is necessary for recrystallization. 

A box-annealing practice developed to attain a given 
end result in grain size and physical properties, there- 
fore, must balance several factors, some of them outside 
the annealing operation itself and invariable to any 
effective degree. Fortunately, minor variations in an- 
nealing practice have little effect on results and effec- 
tive variations aimed at attaining lowest steel hardness 
values are not difficult to make or control. 

Box- annealing equipment consists of annealing bases 
on which to place the steel charge, furnaces to apply 
the heat, and, generally, inner covers which fit over 
the charge in the furnace and contain the protective 
atmosphere which prevents oxidation of the steel (Fig- 
ure 34 — 6). Each of these basic units may vary con- 
siderably in design, with little or much auxiliary equip- 
ment; in any steel plant several sets of units are grouped 
together into an annealing department, which is serviced 
as a whole by tracks, cars, tractors, cranes and atmos- 
phere preparation equipment. 

In most modern equipment, the bases are stationary 
and the portable furnaces are lowered by crane onto 
the loaded base and attached to fuel and control con- 
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Fig. 34 — 6. A. 500-ton ca* 
pacity annealing fur-* 
nace for coils. The fur- 
nace is being lowered 
by crane over the base 
loaded with eight stacks 
of coils. The burner 
tubes may be seen ex- 
tending across the in- 
terior of the furnace. 
Note guide posts at the 
corners of the base. 


nections for the annealing operation. To attain maxi- 
mum furnace utilization, two, tliree, or lour bases and 
an equivalent number of inner covers aie provided for 
each furnace. Thus, no furnace time is wasted while 
the bases are being loaded or cooled to handling tem- 
perature. Some plants use stationary “in-and-out” 
furnaces with doors at one end; the loaded bases, with 
inner covers in place over the charge, are pushed into 
and withdrawn from the furnaces on tracked rollers. 

Annealing bases are usually rectangular, although 
circular bases (and furnaces) are not uncommonly used 
for coil annealing of cold-reduced products. A base con- 
sists of a shallow tray of cast iron or, more commonly, 
refractory-lined steel. For sealing the open down-end 
of the inner cover, the bottom of the base may be 
covered with a layer of sand or the sand may be con- 
tained in a trough around the periphery of the base. 
Where expensive protective atmospheres are used, such 
as cracked ammonia (to protect high-carbon steel 
against decarburization), the tiough into which the 
edge of the inner cover fits is filled with oil or low- 
melting alloy for perfect sealing. 

Annealing bases for cut-sheet charges generally have 
a steel plate, set on the sand or raised on rails or piers, 
on which the piles of sheets rest to permit circulation 
of the contained atmosphere. For annealing coils, 
rectangular bases have two to eight raised “stools,” 
each capped with an annular plate and generally con- 
taining a motor-driven fan for atmosphere circulation 
and better heat transfer. In addition, most bases are 
fitted with thermocouple inlets and atmosphere inlets 
and outlets. 

The dimensions of a base are, of course, determined 
by the length and width of the furnace used on it 
In the United States, they vary between 5 feet and 16 
feet in width, 8 feet and 85 feet in length. 


Inner covers are commonly open -bottomed thin- 
walled steel boxes or cylinders to fit, respectively, rec- 
tangular charges of cut sheets or cylindrical charges 
of stacked coils. These shebs commonly are formed 
and welded either from -^o to V 4 -inch thick low-carbon 
steel, or %2 to Vs-inch thick 18-8 columbium-bearing 
or 25-12 stainless-steel sheets. They may be strength- 
ened by beading or corrugating the walls and the 
carbon-steel covers may be coated with aluminum 
oxide, sodium silicate or other protective compounds to 
reduce their oxidation rate. 

The older in-and-out furnaces use thicker cast-iron 
covers to withstand the more severe oxidation condi- 
tions typical of open-flame firing. 

Two innovations in inner covers are receiving some 
attention. In one design, the radiant tubes in which 
the fuel is burned are contained in the cover rather 
than in the furnace as in conventional equipment, and 
the “furnace” is simply a heat-insulating imit. This 
arrangement is intended to effect fuel economy and 
faster heating. Another new type of cylindrical cover 
has an inner shell to force the protective atmosphere 
being circulated by fans into better contact with the 
inner surface of the cover proper, and so effect better 
heat transfer and distribution. 

Box-annealing furnaces are stationary or, more com- 
monly, portable. Stationary furnaces, rectangular in 
shape, may be built singly or in batteries of two or four. 
Blach furnace consists of a rectangular steel frame lined 
with 10 to 14 inches of fire-brick. Overall dimensions 
vary from 7 to 15 feet in width, 7 to 10 feet in height 
and 15 to 27 feet in length. Charging ends are fitted 
with hinged or coimter-balanced doors, the latter travel- 
ing in vertied tracks. Floor tracks extend from the 
loading area into the furnace hearth and one or two 
charged bases are pushed into the furnace on east-iron 
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balls or carried in on a charging machine. Such furnaces 
may be fired with coal, oil, or gas. 

Stationary furnaces are seldom used for annealing 
coils. Most of them employ heavy cast-iron inner covers 
and cast-iron bottoms, which together weigh as much 
!is the 15 to 25 tons of sheets being annealed. The re- 
sultant fuel consumption of 2 to 4 million Btu per ton 
of sheets annealed represents very low efficiency. More 
modem in-and-out furnaces, with light steel inner 
covers over the charge, can anneal up to 150 tons per 
charge with a fuel consumption of 1.2 to 1.6 million 
Btu per ton of sheets. 

Portable annealing furnaces consist of a structural- 
steel frame covered with steel plate and lined with 6 
to 12 inches of refractory insulating brick. The rec- 
tangular furnace generally used varies greatly in size 
and in annealing load weight, depending on mill re- 
quirements, handling facilities and cfTectivoness of 
design in providing temperature uniformity. Dimen- 
sions of furnaces now in use range from 5 to 16 feet in 
width, 6 to 14 feet in height and 8 to 33 feet in length. 
Loads of sheared sheets vary from 25 to 150 tons and of 
coils from 50 to 500 tons; fuel consumption ranges be- 
tween 0.8 and 1.5 million Btu per annealed ton and 
annealing rate from 1 to 10 tons of steel per furnace 
hour. 

Such furnaces commonly are gas -fired, although any 
fluid fuel may be used and electrical resistance heating 
has been tried. Burners usually fire into “radiant tubes” 
of 25-12 stainless steel. These tubes are 3 to 6 inches 
in diameter and as long as the furnace size and de- 
sired temperature distribution dictate. They may run 
vertically or horizontally along the inner walls of the 
furnace or, in large furnaces for annealing coils, may 
span the distance between the walls for better temper- 
ature distribution. The tubes vent the products of 
combustion on the outside of the furnace. 

Heating of the inner cover thus occurs by radiation. 
Proper tube location and the flexibility possible in 
having each tube served by an individual burner permit 
the necessary uniformity of heating of the large masses 
of steel contained in one annealing charge. For minor 
adjustments, burners can be controlled individually. 
They are manifolded together, however, and the fuel 
flow to the individual burners of one furnace is usually 
determined by the main fuel valve of the furnace which 
is controlled automatically by predetermined tube- 
temperature control settings and by charge-temperature 
controls. 

Some use is made of tubeless furnaces, with the burner 
discharging into a refractory baffle which prevents flame 
impingement on the inner cover but permits circulation 
of the hot combustion gases between the furnace wall 
and the inner cover. Convection plays an important part 
in heating the inner cover in this design. The decision 
to use a tubeless furnace will be influenced by the rela- 
tive importance of its possible fuel economy, freedom 
from radiant tube costs, higher inner-cover costs and 
different temperature -distribution characteristics. 

Box Annealing Practices — To begin an annealing 
operation in portable furnace equipment, sheared sheets 
are loaded on the base in piles 3 to 5 feet high and 
coils on the base stools in stacks 8 to 12 feet high; load- 
ing is done by traveling overhead cranes equipped with 
hooks, slings, retractable racks or magnets. Thermo- 
couples are inserted in standard locations in the charge. 
One rectangular inner cover is lowered over the entire 
sheet charge or an individual cylindrical “ash can” 
inner cover is lowered over each stack of coils and 
settled in the sand seal. The furnace is then lowered 
onto the base, fuel line and thermocouple connections 


are made, the flow of deoxidizing gas to purge the air 
from the space under the inner cover is begun, and the 
burners are ignited. Base fans, if available, are turned 
on to effect high-speed circulation of the atmosphere in 
the inner cover. 

The subject of deoxidizing gas protective atmospheres 
is treated more fully elsewhere in this volume (see 
Index). It is sufficient to say here that it generally con- 
sists of the products of partial combustion of a fuel 
gas in a limited volume of air, these products then being 
treated to remove most of the resultant water vapor, 
dirt and carbon particles, and m some cases further 
treated to remove sulphur dioxide and cai'bon dioxide. 
The resultant mixture of 75 to 85 per cent nitrogen plus 
varying percentages of hydrogen, carbon monoxide, 
carbon dioxide and methane protects tht‘ bright steel 
surface from visible oxidation throughout the annealing 
cycle. Other effective atmospheres include dissociated 
ammonia and high-purity nitrogen. 

During the heating-up period, fuel consumption is 
maintained at a constant rate until “tube” or “furnace” 
temperature, determined by a thermocouple conncjcted 
to a recording- controlling instrument, reaches a pre- 
determined level chosen to protect the equipment from 
damage. Fuel feed then is controlled automatically or 
manually so that this temperature is not exceeded. The 
next control point is reached when the thermocouple 
located in the hottest part of the load reaches a temper- 
ature preset to avoid overannealing or welding of the 
charge. Finally, the soak is begun when the “control 
couple” (either at the coldest spot in the charge or, 
if this is inaccessible, in a location bearing a known 
temperature relationship to the coldest spot) reaches 
the specified soaking temperature. Another fuel cutback 
takes place here, and the control-couple temperature 
curve flattens out through the specified duration of the 
soaking period. At the end of the soaking period, the 
fuel is shut off, the furnace is removed to begin a 
cycle on another base, and the charge is allowed to cool 
(still in a protective atmosphere under the inner cover) 
to about 300 ® F, when it can be exposed to air without 
oxidizing. The cooling period takes at least as long as 
the combined total time of heating and soaking. 

The temperatures and times specified for annealing 
practices vary greatly from plant to plant, even in the 
manufacture of the universally similar dead-soft low- 
carbon sheet. This is true because of inherent differ- 
ences in the cold-reduced steel to be annealed and dif- 
ferences in furnace size and design, load size and piling 
pattern, and thermocouple locations. As an example of 
the effect of one of these factors, heat conductivity 
through a load of sheets parallel to the sheet plane is 
somewhat less than through a solid mass of steel, but 
four to seven times greater than heat conductivity per- 
pendicular to the sheet plane. A stack of coils consists 
of a hollow cylinder with a 16-inch to 30-inch inside 
diameter and a 36-inch to 84-inch outer diameter, re- 
ceiving inner-cover radiant heat perpendicular to the 
curved planes of the layers of steel comprising the coils. 
This handicap can be overcome in part by blowing the 
atmosphere at high speed through the spaces inside and 
outside the coil stack, and so transferring some of the 
heat from the inner cover to the inner diameter of the 
coils. Another means is to separate each pair of coils 
in a stack with “convector plates,” resembling flattened 
doughnuts with passages for the hot circulating atmos- 
phere between top and bottom surfaces. Thus, some heat 
is transmitted to the ends of each coil, from which it 
has an easier path, to follow. 

Regardless of the wide differences necessary in ^eci- 
fied control cycles, the coldest spot of an annealing 
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charge, whether or not actually accessible to a ther- 
mocouple under production conditions, will be found to 
have been annealed for 10 to 20 hours at a temperature 
in the range of 1225 to 1275 * F in virtually aU plants 
making deep-drawing rimmed-steel sheets, with the 
proper formula within these limits being determined by 
the prior history of the cold-reduced steel. Depending 
on furnace and load characteristics, the hottest part of 
the charge will have been at 1275® to 1350 ®F for 
20 to 50 hours, and the furnace will have been under 
fire for 30 to ^ hours. When no steel decarburization 
occurs (as is the case with adequate prepared-atmos- 
phere protection), the gross differences in time at 
temperature throughout an annealing load have little 
effect on sheet properties if the cold portion has been 
adequately annealed and so approaches the inherent 
limit of grain growth and steel softening. 

Such temperature differences are more critical in 
annealing tin plate, where definite higher hardness 
levels are wanted. Partial protection against over- 
annealing exists in this case because the heavy cold 
reductions used limit the grain size to a relatively fine, 
and therefore relatively hard, structure, regardless of 
any annealing temperature employed below the trans- 
formation-temperature range. Such heavy cold reduc- 
tion also induces full recrystallization at a lower tem- 
perature than is necessary on steel thicknesses given 
less cold reduction, and tin plate can be annealed fully 
in the slightly lower temperature range necessary to 
attain proper hardness. 

For products other than low-carbon cold-reduced 
sheets, strip or tin plate, annealing practices can vary 
considerably from the outline given. Box-annealing 
furnaces arc used occasionally at temperatures as low 
as 1000 ® F to stress relieve, rather than recrystallize, 
certain specialty steels, and temperatures up to 2000 ® F 
have been employed on other specialties. 

Normalizing — The most common type of continuous 
heat treating employed at this time is normalizing, in 
which the sheet is heated above its upper critical tem- 
perature, around 1800 ® F for low-carbon steel, and 
cooled at a rate which permits the formation of the 
proper ferrite grain size. Normalizing is used only 
where box annealing is inadequate; typical applications 
include the heat treatment of alloy sheets to attain a 
fine pearlitic structure or the heat treatment of cold- 
reduced “pure iron” which recrystallizes sluggishly in 
conventional box annealing. 

Normalizing furnaces are designed to heat and cool 
the sheets singly or in thin packs of two, three, or 
four sheets. Therefore, they are built in the form of 
long low chambers, usually in three sections, known as 
the preheating zone (12 to 20 per cent of the total 
length), the heating, or soaking, zone (about 33 per cent 
of the total length), and the cooling zone, which oc- 
cupies the remaining 40 to 50 per cent of the length. In 
modern furnaces of the conveyor type, the only type 
adaptable for treating short lengths, the sheets are 
carried successively through each of these zones upon 
disc rollers made of heat-resistant alloys with polished 
surfaces to avoid scratching the sheets, and with the 
discs staggered to assure uniform heating of the sheets. 
The discs are mounted upon water-cooled shafts, 
which are driven by variable-speed motors through 
chains and sprockets or shafts and gears. These furnaces 
are built up to 100 inches in width and vary from 120 
to 200 feet in length; fuel consumption is 2.0 to 4.5 
million Btu per ton and production rates vary from 3 
to 12 tons per hour. A typical furnace of this type was 
illustrated in Chapter 21. Normalizing furnaces usually 
are heated with gas or oil and do not employ protective 


atmospheres. The sheets are, therefore, scaled during 
the heat treatment. Burners are arranged, along each 
side of the heating zone, usually above the conveyor 
rolls, but occasionally both above and below the con- 
veyor. The roof, which is higher over the preheating 
and soaking ’zones than over the cooling zone, usually 
is built in sections. In most types, both the preheating 
and cooiing zones are heated by the hot gases from the 
heating zone. This distribution of heat and gases within 
the furnace is obtained through two stacks, one being 
located at the entering end to draw the gases through 
the preheating zone and the other near the exit end to 
maintain a neutral atmosphere in the cooling zone. 
However, both the preheating and the cooling zones 
may be equipped with burners, the better to control 
their temperatures. Air is excluded by regulating the 
draft to maintain a slight pressure within all the zones. 
Heat losses are overcome by the generous use of heat- 
insulating materials. Furnaces designed to normalize 
sheared sheets are equipped with roller tables, one at 
each end, for charging and receiving the sheets. 

The free-loop or catenary type of furnace is designed 
to normalize continuously cold-reduced steel unwound 
from coils, and neither rolls nor any other type of 
conveyor support material passing through the heating 
zone. The heating zones of these furnaces vary from 
20 to 50 feet in length, and the preheating and cooling 
zones are usually shorter than in the conveyor type and 
may be omitted for some kinds of work. Such furnaces 
may have pickling or other descaling equipment at the 
exit end to remove, in the same operation, the surface 
oxides formed on the steel during normalizing. Cat- 
enary furnaces so equipped, but without a cooling 
zone, are widely used for the heat treatment of stainless 
steel, as the temperatures of 1900 ® to 2200 ® F used on 
the austenitic grades would result in short life for 
rollers used in the furnace. Steam or water quenching 
facilities are usually provided at the exit end of fur- 
naces for heat treating stainless steel in this manner. 

Assuming that the normalizing is to be done in a 
three-zone conveyor-type furnace, equipped with 
pyrometric controls, the operations appear extremely 
simple. If it is necessary to avoid all danger of scratch- 
ing the sheets, they are brought to the charging table, 
and laid one or more at a time by hand upon a rider, or 
conveyor, sheet. The heaviest sheets (length, width and 
gage considered) are normalized singly, but lighter 
sheets may be laid two or more in a pile. Sometimes 
single sheets are laid upon a rider sheet and covered 
with another, called a cover sheet, to control heating 
and retard scaling. The sheets are carried by rolls into 
the preheating zone, where they at first absorb heat 
very rapidly because of the great temperature differ- 
ential between them and the furnace interior. As the 
sheets become heated and this difference grows less, 
the absorption of heat becomes slower, so that after 
traveling 15 to 20 feet, the sheets enter the soaking 
zone several degrees below the normalizing temper- 
ature. Heating is completed in the soaking zone, which 
is maintained at a constant temperature, and sheets are 
at the necessary temperature for a time sufficient to 
convert the microstructure to austenite before they pass 
into the cooling zone. The sheet or sheets emerge from 
the cooling zone at a temperature which can be varied 
between 300® and 1000® F, and are conveyed for a short 
distance upon the run-out table, where they are cooled 
rapidly In contact with the air and carefully removed 
from the rider sheet. The trip through such a furnace 
is carried out at a uniform speed of 5 to 20 feet per 
minute and requires 5 to 20 minutes to complete. 

Roller-hearth sheet-normalizing furnaces are some- 
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Fig. 34—7, Two tower- 
type continuous anneal- 
ing furnaces for proc- 
essing silicon steel. 
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times modified by removing the cooling zone and sub- 
stituting air, steam, oil or water quenching facilities, the 
latter two as sprays or tanks. Such facilities are utilized 
to retain the austenitic structure developed in the 
heating zone on sheared sheets of stainless or Hadfield 
inangaTiese steels, and to develop a martensitic structure 
(for subsequent tempering) in the higher-carbon alloy 
steels of the AISI 41xx or 86xx tjrpes. 

Continuous Annealing — Continuous annealing of 
light-gage cold-reduced steel in a deoxidizing atmos- 
phere has received increasing study since the modem 
cold-reduction process has provided single lengths of 
material thousands of feet long; its potentialities for tin 
plate, which generally requires higher hardnesses than 
sheets, are very attractive. In this treatment, a single 
strand of steel, cold reduced to the thin section used for 
tin plate, travels at high speed through a heating zone 
having a controlled atmosphere, where it is brought to 
a temperature just above the lower critical in a very 
short time, recrystallizes almost instantaneously, passes 
through a cooling zone and emerges into the air cold 
enough to avoid oxidation. 

Such an operation provides fully-recrystallized steel, 
ductile in spite of its relative hardness and nearly free 
of directionality in physical properties. The extremely 
short time at temperature is effective because recrystal- 
lization has been suppressed by the rapid temperature 


rise; the resultant increase in energy level at all po- 
tential nucleation centers causes the microstructure to 
“flash over” once recrystallization begins. From an 
engineering standpoint, the operation is made practical 
by building the heating and cooling zones as towers and 
increasing their effective length by threading the steel 
back and forth around rolls at the top and bottom of 
the towers. 

A furnace of this sort for full-width tin plate is shown 
in Figure 21 — 21 of Chapter 21. In the direction of strip 
travel, the unit consists of a double pay-off reel; a 
welding unit; an alkaline electrolytic cleaner with a 
brush scrubber, water rinse, and drying unit; and a 
looping tower from which strip is taken to maintain 
constant line speed when a weld is being made. The 
furnace proper consists of a gas-fired “heating zone” 
wherein the strip makes six passes; an electrically- 
heated “holding zone” of six passes; an electrically- 
heated “slow-cooling zone” of two passes; a water- 
jacketed “fast-cooling zone” of twenty passes; a final 
cooling zone of two passes; another looping tower and 
two recoilers. Each pass consists of 55 feet of strip and 
all passes are vertical. The strip is heated to approxi- 
mately 1200 ** F in the heating zone and maintained at 
this temperature in the holding zone. Upon leaving 
the holding zone the strip is cooled to about 1000 * F in 
the slow-cooling zone and thence to about 240 * F in the 
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fast-cooling zone. During this period^ the strip is pro- 
tected from oxidation by a gas atmosphere consisting 
of 95 per cent nitrogen and 5 per cent hydrogen. Sub- 
sequent cooling is done in air. At an operating speed 
of 900 feet per minute, only two minutes elapse from the 
time a given section of strip enters the heating zone to 
the time it leaves the fast-cooling zone. 

Two continuous furnaces of somewhat different de- 
sign were put into operation in 1949 at the Vandergrift 
plant of United States Steel Corporation (Figure 34—7). 
These units were built for heat treating high-silicon 
electrical steels, which require precise recrystallization 
control at higher temperatures and very low carbon 
contents to attain optimum electrical properties. With a 
floor length of 175 feet, the furnaces utilize the tower 
principle to permit several hundred feet of steel to be 
treated at temperatures up to 1900 “F for controlled 
lengths of time, and under atmospheres of varying de- 


carburizing power, as determined by the desired mag- 
netic properties of the product* Speeds up to 240 feet 
per minute and production rates up to 10 tons per hour 
are possible.* 



Chapter 35 

THEORY OF CORROSION 


SECTION 1 

CAUSES OF CORROSION 


The Mechanism of Corrosion — The corrosion of the 
common metals in usual environments is an electro- 
chemical phenomenon. That is, it is associated with the 
flow of electric currents over finite distances. Electric 
currents associated with corrosion have been detected 
in numerous cases, and in a limited number of instances 
the amount of corrosion occurring has been accounted 
for quantitatively by the amount of electric current 
which passed. 

Knowledge that corrosion is electrochemical is im- 
portant, since it assists in the development of methods 
for combating corrosion. For instance, it is obvious that, 
in order for electrochemical corrosion to occur, there 
must be differences in potential between different areas 
of the corroding structure. Such differences can be 
caused by the use of dissimilar metals or alloys in con- 
tact with each other. However, differences in potential 
can be caused by heterogeneities of any kind in the 
metal surface or in the environment contacting the 
metal. Some of the most important of these hetero- 
geneities will be discussed below. 

FACTORS WHICH AFFECT CORROSION RATE 

The fundamental reason why metals corrode is that 
the corrosion products are more stable than the metals 
themselves. Thermodynamically speaking, in order for 
metals to corrode there must be a decrease in free 
energy associated with the formation of the appropriate 
corrosion product from the metal. This free energy de- 
crease is the driving force of the corrosion reaction. 
However, the magnitude of this driving force gives little 
information regarding the rate at which corrosion will 
occur. The rate of corrosion is determined by other 
factors which will be described later in this chapter. 

An electrolytic cell, in its simplest elements, consists 
of an anode and a cathode in a conducting solution 
(electrolyte). Polarization consists of a behavior at an 
electrode and results in what might be defined as a 
“back e.m,f.,” which has the effect of opposing the flow 
of current in the electrolytic cell. Polarization thus is a 
phenomenon analogous to mechanical friction. Hydro- 
gen overvoltage is one of the components of the total 
effect of polarization, and results from the deposition of 
hydrogen on the surface of one of the electrodes (anode 
or cathode). It will be recognized that polarization (and 
hydrogen overvoltage) always retard current flow and 
tend to lower rates of corrosion. Conversely, any factors 
that reduce polarization tend to accelerate corrosion. 

Moisture— The presence of liquid or gaseous water is 
the factor of most importance in stimulating normal 
types of corrosion (although in special cases the pres- 
ence of some moisture may retard corrosion). The rea- 
son for the customary stimulation in corrosion rate 


caused by the presence of moisture is that moisture 
generally increases the electrical conductivity of the 
environment contacting the metal surface. Since corro- 
sion is commonly electrochemical in nature, an increase 
in electrical conductivity of the environment will per- 
mit flow of larger electrical currents and, therefore, re- 
sult in higher corrosion rates for given potential dif- 
ferences from point to point on the metal surface. 
Examples of the effect of moisture in stimulating cor- 
rosion are so well known that it is hardly necessary to 
elaborate greatly on this point. It has been established 
that even unalloyed steels will remain uncorroded if 
they are exposed to air with a relative humidity less 
than about 30 per cent. At higher humidities appreci- 
able rusting will occur. Similarly, contact between steel 
and dry cloth or paper causes no serious attack of the 
steel, whereas, contact with damp cloth or paper may. 

Salts — Neutral salts may stimulate corrosion in the 
presence of moisture by either or both of two mecha- 
nisms. They increase the electrical conductivity of the 
solution and thus increase corrosion currents. In addi- 
tion, certain sails may form complexes with the metal 
corrosion products, thus increasing the solubility of the 
metal ion. This also stimulates corrosion. Local differ- 
ences in salt concentration in a liquid which contacts a 
metal surface can cause severe localized attack as a 
result of the formation of concentration cells. These 
will be discussed in greater detail later. 

Acids — There are two broad classes of acids: — (1) 
oxidizing acids such as concentrated nitric acid and (2) 
the non-oxidizing acids such as hydrochloric acid. The 
non-oxidizing acids stimulate corrosion by permitting 
the more rapid evolution of hydrogen as a result of re- 
duction of the hydrogen overvoltage. Oxidizing acids 
may or may not be corrosive, depending on whether 
they form thin protective films on the metal surface. 
The so-called passivity of steel in concentrated nitric 
acid is the result of the formation of a thin, insoluble 
film on the steel surface upon contact with nitric acid 
above a certain concentration. Very concentrated sul- 
phuric acid also forms a protective film upon contact 
with steel. Under usual service conditions, an increase 
in the acidity of a solution generally lends to increase 
its corrosivity. 

Alkalis— For most ferrous materials, an increase in 
the alkalinity of a solution generally will tend to reduce 
the total amount of corrosion, although it may increase 
the intensity of attack at local areas. Very strong caustic 
solutions, particularly at elevated temperatures, or 
molten caustic materials also may be corrosive to a 
serious extent on account of the amphoteric nature of 
iron. 

Oxygen and Oxidizing Compounds— Free oxygen and 
many oxidizing compounds have a complex effect on 
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the corrosion of steel. In aqueous solutions, they stimu- 
late the total amount of corrosion but tend to restrict 
the area which is attacked. On the other hand, if suf- 
ficient oxygen or oxidizing compound is present in the 
solution, attack may be prevented entirely. This in- 
hibiting action of oxygen and oxidizing compounds is of 
most importance in the case of stainless steels, while the 
accelerating action of dissolved oxygen is of great im- 
portance in the corrosion of unalloyed steels by natural 
waters and many chemical solutions. 

The behavior of free oxygen and oxidizing com- 
pounds in general can be described in electrochemical 
terms. These materials stimulate the cathodic reaction 
by depolarization, but they tend to retard the anodic 
reaction by forming films on the surface of the anode. 
Thus, their behavior is complex. 

In gaseous exposures at elevated temperatures, the 
presence of oxygen in the atmosphere generally results 
in increased rates of scaling or oxidation. 

Sulphur Compounds — Sulphur compounds, either in 
solutions or in gas atmospheres, generally accelerate 
the corrosion of ferrous materials. Practically, such 
compounds give the most trouble in gaseous exposures 
at elevated temperatures. In the petroleum industry 
alone, corrosion of ferrous materials resulting from the 
presence of sulphur compounds in the products being 
handled, annually causes millions of dollars worth of 
damage. Apparently the sulphur compounds render the 
scale less protective, thus permitting increased rates of 
attack. 

High Temperatures— In general, the higher the tem- 
perature of the exposure, the faster corrosion will pro- 
ceed. There are many exceptions, since change in tem- 
perature can affect simultaneously several factors 
which all may influence corrosion rates. For example, 
raising the temperature of an aqueous solution exposed 
to air may either increase or decrease the rate of attack 
on metallic surfaces contacting the solution. Some of 
the effects of raising the temperature of a solution can 
be described in electrochemical terms. Increase in tem- 
perature increases the conductivity of the solution and 
also tends to decrease cathodic polarization. Both of 
these factors tend to stimulate corrosion. However, rais- 
ing the temperature may decrease the concentration of 
oxygen dissolved in the solution but may cause more 
continuous films to be formed on anodic areas. Both 
of these factors tend to reduce corrosion rates. In prac- 
tice, increase in the temperature of solutions freely 
exposed to the air usually results first in increasing the 
corrosion rate, but as temperatures above about 180 ® F 
are exceeded, the corrosion rate may decrease until the 
boiling point is reached. 

Increase in temperature generally increases corrosion 
by gases, although here also special effects may come 
into play so that for some regions of temperature vari- 
ation, relatively small increases in temperature may 
actually reduce corrosion rates. One of the most ob- 
vious examples of this is where the gas contains water 
vapor. At temperatures below the dew point, liquid 
water condenses from the gas and corrosion may be 
rapid. At somewhat more elevated temperatures, the 
humidity is less than 100 per cent, so liquid water does 
not form and the corrosion rate is much lower. 

Galvanic Action — When dissimilar metals are placed 
in electrical contact and exposed to a conducting solu- 
tion, generally corrosion of one member of the com- 
bination is accelerated while that of the other member 
is retarded. The metal of the combination which has 
the most active solution potential under the particu- 
lar conditions of exposure is anodic and sends electric 
current through the solution to the cathodic metal. The 


direction of the current flow determines the member 
of the couple which will suffer accelerated or galvanic 
corro.sion. The magnitude of the current determines 
the corrosion rate. The electromotive force series indi- 
cates roughly which metal of the combination will be 
anodic and thus suffer special attack. However, since 
the potentials of the different metals vary with re.spect 
to different solutions, the electromotive force series is 
only a very rough guide. 

For example, in sea water, steel is anodic to tin. Thus, 
contact with tin will accelerate corrosion of steel in sea 
water. However, when exposed to fruit juices under 
food container conditions, tin is anodic to steel and will 
tend to protect steel when in electrical contact with it 

The solution potentials of different alloys of the same 
base metal may bo quite different in specific exposures 
Thus, galvanic corrosion can be caused by contact be- 
tween two different alloys of the same metal. In general, 
contact between any two metals or any two alloys in 
any conducting solutions should be suspected of result- 
ing in galvanic corrosion unless there is definite evi- 
dence to the contrary. 

In some cases, different metallurgical structures of 
the same metal or alloy have different solution poten- 
tials. Thus, corrosion cells are set up. This cause of cor- 
rosion should be suspected in welded structures unless 
they have been heat treated after welding. 

Stray Currents — Stray direct- current electricity is a 
common cause of corrosion of underground steel pipe 
lines and other buried steel structures. It is also en- 
countered in harbor structures of steel, steel-hulled 
vessels while tied up at docks, and in lake or rivei* 
structures. In some cases, it has caused severe corro- 
sion in chemical plants or other plants where large 
amounts of electrically conducting liquids are handled 
Stray current causes more rapid attack than almost 
any other commonly encountered cause of corrosion. In 
fact, wherever very rapid attack of a metallic structure 
buried in the ground, immersed in water or exposed to 
conducting liquids is encountered, stray currents .should 
be investigated as one of the most likely causes. 

Alternating current electricity is much less likely to 
cause severe corrosion of ferrous structures unless it i^ 
of very low frequency (say one cycle per second) . 

Concentration Cells — ^When one portion of a metal 
surface is exposed to an electrolytically conducting me- 
dium which differs in any way from the electrolytically 
conducting medium which contacts another portion of 
the same metal surface, selective corrosion of the por- 
tion of the surface contacting one of the two types of 
media is likely to occur.* For example, suppose a steel 
tank is partially filled with a salt solution. If, for any 
reason, the concentration of salt is different in the lay- 
ers of solution near the bottom of the tank than it is 
toward the top of the tank, comparatively more severe 
corrosion of the steel contacting either the more dilute 
or the more concentrated solution is likely to occur 
This is true even though no corrosion would occur if 
the tank were full of solution having a uniform con- 
centration from top to bottom. Corrosion in this case is 
caused by concentration cell action. 

A special type of concentration cell action is caused 
by local differences in oxygen concentration of the 
liquid. For example, let us suppose that liquid saturated 
with oxygen is circulating freely in contact with most 
of the inside surfaces of a steel vessel. However, there 
is a narrow channel or fissure in some part of the sur- 
face where stagnant liquid is trapped. Tlie oxygen con- 
tent of this stagnant liquid will generally be less than 
that of the freely circulating liquid in contact with it, 
• References are at end of chapter. 
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Thus, an oxygen concentration cell is set up which 
causes more severe corrosion of the metal surface in 
contact with the portion of the liquid having the lotoer 
oxygen content. 

Oxygen concentration cells are a very common cause 
of corrosion imder service conditions. The severe local- 
ized corrosion at joints and crevices, and on surfaces in 
contact with wet insulating materials, is largely the re- 
sult of oxygen concentration cells. 

Stress— Applied or residual stresses, either static or 
dynamic, can gi’eatly accelerate corrosion.^ Generally 
speaking, the acceleration of corrosion by static stress 
is greatest in environments which do not cause appre- 
ciable general corrosion. In fact, stress corrosion often 
occurs under conditions which would cause almost 
negligible attack in the absence of stress. A particularly 
dangerous form of stress corrosion is stress corrosion 
cracking. Under some specific sets of conditions, a 
stressed part of almost any metal or alloy may suddenly 
crack, although there may have been no appreciable 
corrosive attack evident prior to the sudden develop- 
ment of the stress corrosion crack. Stress corrosion 
cracks rarely occur when metallic parts are stressed 
appreciably below the yield strength. Since design 
stresses for most stressed assemblies are normally kept 
well below the yield strength, it is noimally not the 
stresses for which the structure was designed which 
cause stress corrosion cracking. Instead, it is normally 
the residual or so called “internal” stresses which cause 
this type of failure. These residual stresses are induced 
during the fabrication of the structure, by bending, 
welding and other fabricating procedures. The mag- 
nitudes of such stres.ses are frequently not known to 
the design engineer and are consequently not consid- 
ered by him in designing the structure. 

Cyclic stresses also frequently accelerate corrosion. 
In cases where the frequency of the alternation in cyclic 
stresses is high, failures accompanied by corrosion are 
said to be caused by corrosion fatigue. Cyclic stresses, 
especially if of high frequency, normally cause more 
rapid failures when accompanied by corrosion than 
do static stresses of the same magnitude. 

Abrasion, Erosion and Cavitation— Surface effects 
such as abrasion or wear, erosion, impingement of 


liquid at high velocity, or cavitation effects caused by 
the collapse of gas or vapor bubbles at the metal surface 
can all contribute to intensified corrosion damage in 
specific cases. 

Other Surface Effects — Practically any local differ- 
ence at the metal surface can cause corrosion under 
suitable conditions. Thu.s, a scratch in the metal surface 
can form a weak point at which localized attack may 
occur. Local differences in temperature, velocity of 
liquid flow, degree of surface roughness and even 
amount of illumination can all cause localized corrosion 
in specific cases. In fact, any heterogeneity in environ- 
ment, metal surface or, as will be indicated subse- 
quently, in the metal itself, can cause localized attack. 

Metallurgical Factors — As mentioned just above, any 
heterogeneities in the metal or alloy itself can give rise 
to localized corrosion. For most commercial metals or 
alloys these “internal” effects are normally a minor 
factor in influencing corrosion under service conditions. 
Generally, environmental factors are of much greater 
importance. This is very fortunate since it is impossible 
to avoid internal heterogeneities in commercial metals 
and alloys. All such commercial materials contain in- 
clusions or minor segregations. Whenever localized at- 
tack develops in service, it is common practice to put 
the blame on these small particles of different phases. 
Actually, as has been shown by the work of Homer*, 
Hears’ and others, very careful control of the uni- 
formity of the corroding environment and of the metal 
surface is normally required to reveal the effect of in- 
clusions on corrosion. In special cases, with specific 
metals or alloys, metallurgical factors may be impor- 
tant. For example, in the case of 18 per cent chro- 
mium-8 per cent nickel stainless steels, it is well known 
that slow cooling from the austenitizing temperature or 
reheating in a critical temperature zone for an appro- 
priate time can cause the precipitation of carbides at 
grain boundaries, thus sensitizing the alloy to inter- 
granular attack by certain media. In this case, the 
metallurgical condition is of great importance in con- 
trolling corrosion behavior. However, the fact remains 
that, in general, the metallurgical condition of most 
commercial materials is not of great importance in af- 
fecting corrosion rates. 


SECTION 2 

METHODS OF PREVENTING CORROSION 


A knowledge of the factors which accelerate corro- 
sion is of value to mo.st people only as it aids them to 
understand and to guard against corrosion failures in 
service. A knowledge of appropriate methods of pre- 
venting corrosion is important for the same reason. 

Material Selection — The most obvious method of pre- 
venting corrosion is to build the structure of a material 
which is unaffected by the service. Unfortunately, it is 
not always feasible to do this. The most inert materials 
may be too expensive or otherwise unsuited for the 
article to be built. Generally, the engineer must make a 
compromise. He cannot afford to use the most cor- 
rosion-resistant material but instead must compromise 
on a material which has the lowest combined initial 
cost plus maintenance costs for some selected period of 
time. The more accurately the engineer knows the cor- 
rosion behavior of the various competitive materials 
under the desired service conditions, the more ac- 
curately can he select the most economical material to 
use. As a guide to proper selection, nothing has yet re- 
placed previous service use. Since small variations in 
service conditions can sometimes affect corrosion rates 


greatly, even previous service use is not infallible. 
Nevertheless, it is the most trustworthy criterion avail- 
able. 

If it is desired to select material for equipment re- 
quired for some new process or chemical, there will be 
no previous background of experience. In such a case, 
the engineer must be guided by knowledge of the be- 
havior of various materials when used as equipment 
for similar processes. Better yet, a pilot plant or small- 
scale service test can be made using a material or ma- 
terials of construction deemed likely to be satisfactory 
The selection of materials for these small-scale tests 
can be based on laboratory tests or published informa- 
tion. In conducting the laboratory tests, it should be 
kept in mind that the closer these tests can be designed 
to simulate actual practice, the more accurately can the 
results be used to predict satisfactory service perform- 
ance. 

Selection of a suitable material of construction may 
eliminate the need of using any other form of corrosion 
prevention. However, it is frequently more economical 
to use some less resistant but cheaper material and to 
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employ one or even several protective measures. In 
most cases it is not economical to use the most resistant 
material of construction, but instead to use the cheapest 
material which will do a satisfactory job. 

Appropriate Desiifii — ^It is frequently overlooked that 
small changes in design may make it possible to use 
cheaper materials of construction.* For instance, it 
might be feasible to use carbon-steel pipe as a vapor 
line for handling gaseous chemicals if the line were in- 
sulated to prevent condensation. If the insulation is 
omitted, such severe corrosion of the steel might occur 
that it would be necessary to employ stainless steel or 
non-ferrous pipe in order to reduce corrosion to a 
tolerable value.* 

Similarly, the design of a processing lank might be 
such that liquids could lodge in crevices, pockets, joints 
or other dead spaces. Severe corrosion is likely to occur 
in such areas as a result of concentration cell forma- 
tion. By altering the design to eliminate these regions, 
the same material of construction can be used with 
greatly reduced corrosion damage. In the case of tanks 
or processing vessels for chemicals, the most severe 
corrosion often occurs on the outside of the vessel, not 
on the inside as might be anticipated. Such equipment 
should be designed so that moisture will not be trapped 
in external joints between the vessel wall and the sup- 
porting members, between the bottom of the vessel and 
the supporting wood or concrete base, or in absorptive 
thermal insulation which contacts the external sur- 
faces of the vessel. Moisture in these locations, even 
condensed moisture or tap water, can cause severe 
corrosion. To prevent corrosion, the design may be 
as important as the selection of the material of con- 
struction. 

Protective Coatings •—Protective coatings are dis- 
cussed in greater detail in Chapters 36 to 39, inclusive. 
There are a large number of different tsqjes of protec- 
tive coatings. They can be classified in various ways. 
Based on their means of preventing corrosion, it is con- 
venient to classify them as: 

1. Anodic coatings 

2. Cathodic coatings 

3. Inert coatings 

4. Inhibitive coatings 

When a coated metal article is exposed to an electro- 
lyte, if there arc discontinuities in the coating, several 
possibilities present themselves. A positive electric ciu*- 
rent may flow from the coating through the solution 
(electrolyte) to the base metal. If this happens, the 
coating is anodic to the base metal. Furthermore, if the 
current density at the exposed area (or areas) of the 
base metal is of the correct magnitude, corrosion of the 
base metal will be prevented. Thus, anodic coatings 
tend to prevent corrosion of exposed areas of the base 
metal by sending electric current to them through any 
contacting film or layer of an electrolytically conduct- 
ing medium. 

In contrast to this, cathodic coatings tend to stimulate 
corrosion at exposed areas of the base metal under 
similar conditions of exposure. 

Coatings showing the most pronounced anodic or 
cathodic behavior are the metallic coatings. Non- 
metallic coatings, especially oxide or sulphide coatings 
under some conditions of exposure, act as cathodic 
coatings. However, there is no definite evidence of non- 
metallic coatings acting as anodic coatings. It should 
also be pointed out that the same metallic coating on 
the same base metal can behave as an anodic coating 
under one set of exposure conditions, as a cathodic 
coating under other conditiona, and as an inert coat- 


ing or even as an inhibitive coating under still different 
conditions. 

Tin coatings on steel form a good example of this 
variation in behavior imder different environmental 
conditions. When exposed outdoors, in sea water, in 
most natural water, or even to many food products in 
the presence of air, tin is cathodic to exposed areas of 
the steel base. However, when exposed to nearly air- 
free food products, tin is generally definitely anodic to 
steel. Presumably, if the exposure were to food prod- 
ucts containing some critical amount of oxygen, tin 
would be neither anodic nor cathodic to steel. That is, 
it might then be classed as an inert coating. Again im- 
der different conditions, the accumulation of dissolved 
tin compounds from the coating in the food product 
might reduce greatly the corrosiveness of the product 
to steel. In tills last case, the tin compounds would be 
serving as corrosion inhibitors; therefore, the tin coat- 
ing could be classed as an inhibitive coating. 

It should also be pointed out that, although cathodic 
coatings tend to stimulate corrosion of exposed areas of 
the base metal, this does not always mean that in- 
creased attack of these areas will in fact occur. For ex- 
ample, if the cathodic coating is thick and if the exposed 
areas of base metal are small, attack may be stifled by 
plugging of the small pores in the coating with corro- 
sion products from the base metal. 

Inorganic coatings are sometimes inert, sometimes 
cathodic and sometimes inhibitive. Organic coatings are 
generally either inert or inhibitive. Either inorganic or 
organic coatings which contain water-soluble chromates 
generally function as inhibitive coatings in most natural 
environments. It is obvious that the inhibitive value 
of such coatings is greatest when there is only limited 
opportunity for leaching of the soluble inhibitor to oc- 
cur. For example, it would be expected that the inhibi- 
tive action of a coating containing a soluble chromate 
would be more in evidence if the coating were on the 
interior of a tank which contained only a small amount 
of stagnant water than if it were on the interior of a 
pipe through which unrecirculated water was passing 
continually. 

Organic coatings can also function in a manner which 
does not permit their classification in one of the four 
simple groups mentioned above. For example, in spe- 
cial cases, organic coatings when exposed to liquid 
media can serve as semipermeable membranes. Then, 
by osmosis, dialysis or electro-dialysis, liquid can be 
transferred through the organic coating to the metal- 
coating interface. The composition of the liquid which 
collects at the interface may differ markedly from that 
of the liquid on the outside of the coating. It may be 
either more or less corrosive to the base metal than the 
parent liquid. This behavior is still obscure but it is 
known to exist. 

Treatment of Environment — Corrosion can sometimes 
be prevented either by adding something to the corro- 
sive medium or by removing some corrosive agent from 
the medium.*' “ For example, a certain tap water may 
be highly corrosive to the steel* tank in which it is 
stored. By adding a corrosive inhibitor, such as sodium 
chromate, to the water the attack may be prevented. 
Alternatively, by removing dissolved oxygen from the 
water, the corrosipn rate may be greatly reduced. 

Corrosion prevention by treating the environment is 
normally employed when there is only a limited amount 
of the corrosive material. Thus, it is more widely used 
for waters which are recirculated than for waters which 
are flowing continuously from the source without re- 
circulation. 

Chromates are by far the most versatile corrosion in- 
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hibitors, although phosphates, silicates and various 
complex organic compounds are also used. The mecha- 
nism of inhibitor action differs for the various inhibitors 
and types of uses. In some cases, inhibitors function 
simply by forming a protective film or layer on the 
metal surface. In others, they retard one or more of the 
electrolytic processes necessary for corrosion to occur. 

Inhibitors can be classified according to their be- 
havior as “safe” or “dangerous.” A safe inhibitor is one 
which will not cause intensified attack at local areas, 
even when added in insufficient amounts to prevent at- 
tack completely. A dangerous inhibitor will stimulate 
attack at a few local areas while reducing attack at 
most of the exposed areas. Unfortunately, most of the 
inhibitors at present used in other than mineral acid 
media are dangerous. 

Inhibitors can also be classified as “expeinsive” or 
“contractive.” As the terms imply, expansive inhibitors 
increase the area of the metal which is attacked, while 
contractive inhibitors reduce the attacked area. 

Thus, a specific inhibitor may be classified as “safe, 
expansive,” “dangerous, contractive” or “safe, contrac- 
tive.” 

Cathodic Protection '—It has already been men- 
tioned that some coatings have the property of sending 
an electric current through an electrolyte to exposed 
areas of the base metal. This current flow tends to pre- 
vent corrosion of the base metal. Protection in this 
marmer by current flow from any source is termed 
cathodic protection, since the metal being protected is 
made the cathode of an electrolytic cell. 

Sometimes it is not convenient to use a coaling metal 
to provide cathodic protection. Cathodic current from 
pieces of an anodic metal in electrical contact with the 
article to be protected and also exposed to the electro- 
lyte can be used. These are termed “galvanic anodes.” 
Alternatively, direct current from a storage battery or 
from a generator, or rectified alternating current from 
a power line, can be used. The only essential is that a 
sufficient cathodic current density must be maintained 
at all areas of the protected article which contact the 
corrosive solution. 

Determining the magnitude of the current density 
just sufficient to prevent corrosion under various types 
of service conditions is a difficult problem. Fortunately, 
for most ferrous structures, it is not necessary to know 
the limiting current density with great accuracy. Any 
cathodic current density which is applied to a given 
area will reduce corrosion. Furthermore, if tlie limiting 
current density is exceeded, no harm is done to the 
structure. This means, simply, that protection is costing 
more than necessary because some of the current is 
being wasted. 

Cathodic protection is a very effective way of pre- 
venting corrosion by most types of electrically conduct- 
ing media. Also it is relatively safe, since as long as all 
the current flows to the structure, corrosion will be re- 
duced even if protection is not complete. It is relatively 
easy to apply cathodic protection to small, geometri- 
cally simple structures. However, skilled electrochemi- 
cal engineers are required to develop efficient cathodic 
protection for large or geometrically complicated struc- 
tures. 

At the present time, cathodic protection is applied 
widely to the steel hulls of marine vessels, to the in- 
teriors of small and large steel water tanks, to the ex- 


teriors of buried steel pipe lines and to a variety of types 
of chemical equipment. It should also be mentioned 
again that the usefulness of tin plate for food containers 
and of galvanized sheet for roofing, siding and the like 
depends upon cathodic protection of the steel base by 
the coating metal. 

Periodic Cleaning — It is frequently overlooked that 
periodic cleaning may greatly reduce corrosion damage. 
The ^ndamental reason why cleaning is beneficial is 
that it removes moist layers of solid matter from the 
metal surface. Corrosion products may be hygroscopic 
and generally are water sorptive. Thus, a metal surface 
coated with a heavy layer of corrosion products and 
exposed to the atmosphere will be wet for a consider- 
ably greater proportion of the time than will a similar 
clean surface. In like manner, layers of dust or soot of 
many types stimulate corrosion. Some materials hold 
moisture, others contain soluble products which in 
themselves are highly corrosive. It is only rarely that 
clinging debris is protective. 



Chapter 36 

PROTECTIVE COATINGS FOR STEEL 


SECTION 1 

PURPOSE OF PROTECTIVE COATINGS 


Functional Coatings — All metals, when exposed to 
certain media, will corrode, the extent of corrosion de- 
pending on the nature of the metals and the environment 
to which they are exposed. It is common knowledge that 
all steels, except the more expensive, high-alloy, 
corrosion-resistant and heat-resistant steels, commonly 
called “stainless steels,” will rust or corrode eventually, 
if unprotected by a coating. The rate of corrosion will, 
however, vary when steels are exposed to weathering, 
underground or underwater conditions. The action of 
oxygen and moisture in air and of oxygen in water to 
produce rust is greatly accelerated by chemical con- 
taminants in the environment. Some of the most note- 
worthy of these are acids, and certain salts of mineral 
acids, such as ferric sulphate and sulphur-dioxide gas 
which are present in many industrial atmospheres. The 
corrosion resistance of an unprotected steel varies 
greatly depending on composition and environment. In 
the atmosphere, it has been conclusively proven that 
tlie nature of the rust formed affects greatly the sub- 
sequent corrosion rate. Some rusts are tight and non- 
porous and are more protective. Steels containing a small 
percentage of copper (0.20 per cent), on exposure to 
atmosphere, form a tighter rust than steel containing 
little or no copper. Likewise the rust on many high- 


strength, low-alloy steels is more adherent than that 
formed on the copper- bearing steels (see Figure 36—1). 

To prevent or inhibit the formation of rust, however, 
in any environment a protective coating of some sort is 
required. These coatings are of many kinds, and the 
methods by which they are applied to the surfaces to be 
protected, must be adapted to the nature of the coating 
material. Coatings may generally be classified as metallic 
or non -metallic, the latter often comprising mixtures of 
various substances of organic or of both organic and in- 
organic nature. Many coatings do not adhere well to 
steel. Some are porous, not being wholly impermeable 
to the gases and liquids which may attack the steel base. 
To improve adhesion, pretreatments of the steel base are 
often used. Porosity may be lessened by the application 
of heavy coatings or of several coats of the same or of 
varied compositions if the purpose for which the product 
is to be used will permit such a practice. 

Although coatings are applied mainly for lasting or 
long time protection, sometimes it is merely necessary 
that they afford temporary protection, to prevent rust 
in transit or storage, in which case it may be required 
that they be removed easily or possess properties that 
permit the steel to be used without their removal. In 
some cases the coating may have to be a good primer and 



Fig. 36—1. Typical sheet samples of uncleaned high-strength, low-alloy steel (U*S S Cor-Ten) at left, copper steel 
at center, and low copper steel at right, after exposure to an industrial atmosphere for 3.6 years. The hard smooth 
adherent oxide on the high-strength, low-alloy steel is characteristic. The actual size of each of these three panels is 
approximately 4 inches by 6 inches. 
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compatible with coatings applied to the finished article or bright appearance has been associated with the high- 
er serve as a drawing compound to aid in the forming est quality product although tests have shown no longer 
of the ^al product. ^ actual service life than that of galvanized sheets of 

Coatings Combining Decorative and Protective Prop- duller lustre with equivalent weight of coating. Thus, 
erties — Coatings may be not only protective but also dependent on the required appearance of the ultimate 

decorative and, in fact, more often than not the feature product, a variety of bright or dull coatings may be 

of appearance is of prime importance. For example, manufactured. In the field of organic coatings, a variety 
galvanized sheets have often been required to exhibit a of hues may be obtained by a variation of the pigments 

pleasing spangled surface. The presence of this spangle or stains used in the coating mixture 

SECTION 2 

PREPARATION OF STEEL FOR APPLICATION OF COATINGS 

Importance of Clean Surface — Before application of ing wider usage where a phosphate coating is desired 
any protective coating, it is imperative that the surface adjacent to the steel base. 

of the steel be thoroughly cleaned. This feature is neg- Shot or Sand Blasting — ^The impingement of steel shot 
lected more often than any other by those unskilled in or sharp sand by a blast of air on the scaled or rusted 

the application of a protective film and is often the cause steel surface imparts a very desirable surface texture, 

of coatings of poor quality even when applied by those The surface finish created is usually quite rough and the 
with experience. Scale from hot rolling or annealing roughness of surface is regulated to some extent by 

should be removed from the steel by shot or sand blast- particle size of the shot or sand. This type of surface 

ing, by pickling in acid, or by flame descaling with an is desirable in that it promotes adherence of some coat- 
oxygen-acetylene torch, after which any loose dirt or ings. A rough or eggshell finish may be imparted to steel 

acid should be removed by brushing or rinsing. This sheets by the working rolls of a cold mill, which have 

cleaning is important for the application of all types of been shot blasted. This produces a finish to which many 
coatings. Tight scale frequently is not removed on heavy protective and decorative coatings jcan be applied 
steel sections prior to the application of priming paint, readily. Such sheets commonly are supplied to auto body 
for economical reasons; in such cases the use of special makers. 

inhibitive primers may result in satisfactory service. Alkaline Cleaning — ^This method is used where min- 

Nevertheless, experience has shown repeatedly that su- eral and animal fats and oils must be removed. Mere 
perior protection is obtained if all the scale has been re- dipping in solutions of various compositions, concentra- 
moved. Removal of temporary protective coatings, draw- tions and temperatures are often satisfactory. The use of 
ing compounds, oil, grease, or dirt from shop operations electrolytic cleaning may be advisable for large-scale 
is absolutely necessary- This may be done by solvents, production or where this method yields a cleaner prod- 
by vapor degreasing, or by alkali cleaning. Rinses are uct. Caustic soda, soda ash, alkaline silicates and phos- 
used to insure thorough removal of cleaner from the phates are common cleaning agents. Sometimes the 
metal surface. addition of wetting agents to the cleaning bath will 

Pickling — In large-scale operations, pickling in hot facilitate cleaning, 
sulphuric acid (H 2 SO 4 ) is a common practice to remove Solvent Degreasing — ^This treatment consists of clean- 

mill scale or rust. The time, concentration, and tempera- ing steel by dipping in a commercial solvent, such as 
ture will vary depending on the type of scale to be re- naphtha, trichlorethylene or carbon tetrachloride and 
moved or the type of steel to be pickled. In continuous rinsing in a clean solution of the same solvent or simply 
strip operations or where size and shape do not vary hand cleaning with rags wet with the appropriate sol- 
greatly, electrolytic pickling may be employed at room vent. Since the use of volatile solvents in the open con- 
temperature. The article to be pickled is made the anode, stitutes a fire hazard, the less inflammable compounds 
if some actual solution of the steel is required, or the are favored. Since the vapors of most solvents are toxic 
cathode where only cleansing by the blast of hydrogen in nature adequate ventilation is necessary. Vapor de- 
evolved at the cathode is necessary. Cold muriatic acid greasing, usually done in specially built machinery, is a 
(HCl) often is used in small shops to pickle steel and similar process except that solvent vapor is the cleaning 
does so very efficiently, although this acid is more ex- agent. 

pensive than sulphuric acid. Other acids are not used These methods are usually employed where organic 
as commonly, although phosphoric acid (HgPO,) is find- coatings are to be applied. 

SECTION 3 

METALLIC PROTECTIVE COATINGS 

The most commonly used metallic coatings include tin, tive” series, a classification of metals in the order of 
zinc, terne metal (lead -f nickel, chromium, cad- electrode potential referred to the standard hydrogen 
mium, copper, aluminum, bronze, brass, silver, gold, electrode at a temperature of 25*C (see Table 36—1). 

lead, iron and steel, and sometimes other alloy combina- This table is often used mistakenly as if the order of 

tions of the above mentioned metals. A metallic coating metals were invariable, each metal displacing from 

may be anodic or cathodic to the metal to which it is solution or protecting from corrosion those below it. 

applied for protection. If anodic it is “sacrificial” or less That this is often not true is shown in the second 

noble than the base. If cathodic, it is more noble and its column of the table, where the values of potential in a 

protective value is due to its own relative chemical in- normal salt solution are given. From the “electrochemi- 

activity in ^e environment to which it is exposed. cal” series it would be anticipated that the corrosion 

A rough indication of the activity of the metals may of zinc would be retarded by contact with aluminum, 
be obtained from the “electrochemical” or “electromo- while the potential measurements in salt solution indi- 
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Table 36 — Comparison of the Electromotive Series and 


Solution Potentials in Sodium-Chloride Solution of The 
Common Metals and a Few Alloys 


Potential in Vo1t.s 



In 1 N (5.85%) 


From emf 

NaCl containing 

Metals or 

Series (Normal 0.3% H 2 O 2 (0.1 N) 

Alloys 

hydrogen scale)* 

Calomel Scale** 

Magnesium, Mg 

+ 2.37 

+ 1.73 '•* 

Aluminum, A1 

+ 1 . 66 "” 

+ 0.85 “> 

Zinc, Zn 

+ 0.76 

+ 1.00'*’ 

Chromium, Cr ^ * 

+ 0.74 "■> 


Iron, Fe * * 

+ 0.44 "■> 

1 0.63 '•> 

Cadmium, Cd 

|. 0.40 

+ 0.82 

Cobalt, Co 

+ 0.28 


Nickel, Ni 

-t 0.25 <'■' 

+ 0.07 

Tin, Sn ^ 

+ 0.14 

+ 0.49 <•' 

Lead, Pb^^ 

+ 0.13 

+ 0.55 

Hydrogen, Ha 

0.00 


Copper, Cu ^ * 

- 0.34 

+ 0.20 '•> 

Silver, Ag 

- 0.80 

+ 0.08 '•* 

Gold, Au * * * 

— 1.50 


Brass (60-40) 


+ 0.28 <•' 

Stainless Steel (18-8) 

+ 0.15 

Monel Metal 


+ 0.10 

Inconel 


+ 0.40 


• In some handbooks the sign of potential is reversed from 
that given. 

•• These values vary somewhat, depending on the particu- 
lar lot of material investigated and on surface prepara- 
tion employed. 

Hears and Brown; Causes of Corrosion Currents. Indus- 
trial and Engineering Chemistry, Vol. 33, Page 1008, 
Table XII. 

Note — The sign of potential is the reverse from that given 
here. 

**** W. M. Latimer, Oxidation Potentials. Prentice Hall, Inc. 
New York (1952). 


cate that the zinc should protect aluminum. In sea water 
and many natural waters, this protection of aluminum 
by zinc actually occurs. The electrochemical scries is 
useful since metals near the top are generally protective 
to those near the bottom of the table. When, however, 
two metals differ little in potential, i.e., are close together 
in the first column of Table 36 — I, one cannot predict 
which will protect the other, without actual tests. In 
many instances, the results of potential measurements in 
a salt solution (second column of Table 36 — I) are a better 
guide as to the ability of one metal to protect the other 

Table 36 — Solution Potentials of Several Metals in 
Various Solutions (all 1 molar in concentration). 

Referred to a 0.1 N calomel half-celP 


Sodium Sodium Nitric Sodium 
Metal Chloride Chromate Acid Hydroxide 


Magnesium 1.72 -f 0.96 -f 1.49 -f 1.47 

Aluminum -f- 0.86 -f 0.71 -f 0.49 -j- 1*50 

Zinc -fl.15 +0.67 +1.06 +1.51 

Iron +0.72 +0.16 +0.58 +0.22 


* From: Light Metals for the Cathodic Protection of Steel 
Structures, by R. B. Hears and C. D. Brown; Corrosion, 

Vol. 1, No. 2, September, 1945. National Association of 
CoiToaion Engineers. (Si^ of poteatial reversed.) 


under natural conditions of exposure than is the electro- 
motive series. Many factors, such as the environment to 
which exposed, the magnitude of current generated, the 
relative area of metals exposed, the texture of metal sur- 
face and the inherent tendency of the metal to form an 
insoluble protective film notably affect the corrosion of 
metals themselves or their corrosion rate when used as 
coatings for steel. 

Table 36 — II illustrates the variable effect of environ- 
ment or exposure conditions on the solution potentials 
of several common metals. It will be noted that the rel- 
ative potentials of these metals vary when they are ex- 
posed to different solutions. Thus, no one table of solu- 
tion potential values can indicate the electrochemical 
behavior of the different metals under all conditions of 
use. Actual tests under conditions similar to those of 
service are required before it is possible to make ac- 
curate predictions. The electrochemical behavior of 
metallic coatings on steel under conditions of atmos- 
pheric corrosion is now fairly well established. Zinc is 
anodic to steel under most exposure conditions and will 
prevent corrosion even at small discontinuities in the 
coating. The behavior of aluminum coatings is more 
complex. In some environments, they tend to protect ex- 
posed steel areas but in others there is no evidence of 
electrochemical protection. Tin, terne metal, nickel, cop- 
per, silver, gold and lead are all cathodic to steel under 
most conditions of atmospheric exposure and, if used as 
coatings for steel, will tend to accelerate corrosion at 
pores, scratches, and pinholes. In some cases, the cor- 
rosion products formed in the areas where steel is ex- 
posed, will stifle corrosion. This is particularly true for 
heavy coatings of lead, tin, lerne metal and aluminum. 

From the above it will be concluded that protection 
against corrosion is not a simple problem, but an ex- 
tremely comijlex one. 

METHODS OF APPLYING METALLIC COATINGS 

Metallic coatings arc applied to steel surfaces by the 
following methods: 

Hot Dip Processes — The steel article to be coated is 
immersed, after thorough cleaning, in a molten bath of 
the metal forming the coating. Zinc, tin, terne metal, 
aluminum, and lead are applied commercially in this 
manner and arc discassed fully elsewhere in this book 
(sec especially Chapters 37, 38 and 39). 

Metal Spraying— This method, introduced about 1910, 
may be used with most of the common metals including 
aluminum, copper, lead, nickel, tin and zinc and alloys 
such as brass, bronze, babbitt metal, monel metal and 
stainless steel. The coating metal usually is drawn into 
wire and fed into a .specially constructed spray gun. This 
gun is operated with compressed air and a fuel gas. It is 
small and compact although it contains an air-gas mix- 
ing chamber, a special nozzle for burning the mixture 
and melting the wire, an outer compressed-air nozzle 
concentric with the inner nozzle, and an air turbine driv- 
ing knurled rolls which draw the wire from its spool 
and feed it through the inner nozzle. The gases at the 
nozzle are ignited, the wire is melted as it is fed to the 
nozzle and is projected against the surface to be coated 
at a speed of over 500 feet per second. Although the 
particles of molten metal are cooled instantly to a 
temperature of about 80 ® F, the impact causes them to 
adhere firmly to the steel surface, provided it has been 
cleaned thoroughly, as by machining or by sand or shot 
blasting. Metal spraying is used for building up surfaces 
and sometimes for the application of thin coatings as a 
protection against corrosion. 

Metal Cementation — ^The metals zinc, chromium, alu- 
minum and silicon are successfully applied in this man- 
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ner, in which the protecting metal is alloyed into the 
surface layers of the steel. 

In sherardizing, practiced since about 1900, the parts to 
be coated, usually small articles such as nails, are thor- 
ou^y cleaned by picklmg or sand blasting; packed in 
metal drums with fine zinc dust, usually containing 5 to 
8 per cent of zinc oxide; and heated for several hours at 
between 650* and 750 ®F, the drums being slowly ro- 
tated in the furnace dtiring the heating. The coating is 
thin and consists of intermetallic compounds of iron 
and zinc, ranging from an iron-rich alloy next to the 
steel base to almost pure zinc at the surface, but it af- 
fords good protection against atmospheric corrosion. 
The process was invented by Sherard Cowper-Coles. 

Chromizing is a cementation process analogous to 
sherardizing. The parts to be treated are packed in a 
container with a mixture of 55 parts of chromium or 
ferrochromium powder and 45 parts of alumina by 
weight. They are then heated “in vacuo” or in a pro- 
tective atmosphere (preferably hydrogen) at 2370* to 
2560 * F for three or four hours, although a shorter time 
and lower temperature may be used when less penetra- 
tion is desired. Although producing a high-quality 
corrosion-resistant product, the process has been super- 
seded largely by chromium plating or by the use of 
corrosion-resistant alloy steels. 

In calorizing, developed by General Electric Company 
about 1925 to 1930, the thoroughly cleaned steel articles 
are packed in steel drums containing a mixture of alu- 
minum and aluminum oxide. A reducing gas is passed 
into the drum, which is rotated in the furnace and heated 
for about 5 hours at between 1730 ® and 1750 ® F. The re- 
sulting coating is said to be a solid solution of aluminum 
in iron, richest in aluminum at the outer surface, and is 
used principally to protect the steel from oxidation at 
elevated temperatures, as in pyrometer tubes, super- 
heater tubes and oil-refinery equipment. 

Ihrigizing is a special type of siliconizing, or impregna- 
tion of the surface of low-carbon steels with silicon. In 
this process, the surface of low-carbon steel, freed of 
sand and heavy scale, is packed with silicon carbide or 
ferrosilicon mixed with mill scale (iron oxide), heated 
to a temperature of 1300 * F or higher and exposed to the 
action of chlorine for two hours or more depending on 
the temperature used and depth of case desired. At this 
temperature the chlorine reacts with the carbon or the 
iron of the silicon-bearing substance, leaving the silicon 
in nascent form to combine with the iron in the steel. 
The siliconized layer, usually 0.005 to 0.1 inch thick as 
desired, is very hard and resistant to corrosion by non- 
oxidizing acids, such as hydrochloric and sulphuric 
acids, and to wear and oxidation at temperatures up to 
1600 * F, and is capable of absorbing and retaining sub- 
stantial amoimts of oil. In usual practice, the silicon con- 
tent of the case remains practically constant for the first 
0.040 inch, varying from about 14 per cent at the surface 
to 12 per cent at 0.050 inch below, then decreases grad- 
ually in the next 0.020 to 0.025 inch to the silicon content 
of the core. The process was developed in 1935-1938 by 
H. K. Ihrig (U. S. Patent Reissue 20719). 

In corronizing, developed about 1938 by Standard Steel 
Spring Company of Coraopolis, Pennsylvania, the steel 
is electroplated with nickel and subsequently with zinc 
or nickel-zinc alloy (U. S. Patent No. 2,419,231). The 
plated steel may be heated to about 750 * F to form a 
nickel-zinc alloy, if zinc alone is the final coating. 

Metal Cladding— Copper cladding processes give bi- 
metal products. Usually those containing steel consist 
of an inner steel core covered with a heavy layer of 
copper. In the usual process, the steel core, with a clean 
surface, is mounted in a covered mold and heated out 


of contact with air to a temperature slightly above the 
melting point of the copper, which then is cast about it. 
Other methods consist of dipping the solid steel core into 
a bath of molten copper, or of depositing the copper 
electrolytically. Starting material for copper-clad steel 
wire is made by forcing a steel rod into a closely fitting 
copper tube. Semi-finished products prepared by any of 
these methods may be heated to aroimd 1700 ® F and hot 
rolled, then finished by cold rolling or drawing, as in 
forming copper-clad wire. The wire is used widely for 
electrical conductors, combining the strength of steel 
with the high conductivity of copper. Bundy-weld steel 
tubing is hydrogen-welded, copper-coated, rolled steel 
tubing. It is used for gasoline and oil lines in automobiles 
and for refrigerator coils. Copper-clad sheet steel was 
produced during World War II for the fabrication of 
copper-jacketed bullets. 

Aluminum cladding is accomplished best by rolling 
flat steel almost to gage, cleaning it thoroughly and either 
placing it between two sheets of aluminum and cold 
rolling, or heating to between 600 * and 750 ® and rolling. 
The latter method results in a better bonding of the 
aluminum with the steel. Subsequent annealing above 
1000 ® F causes the aluminum to unite with the iron 
forming the very brittle FeAl*. With basic Bessemer steel 
or open-hearth steel containing above 0.25 per cent sili- 
con, the temperature of this reaction is raised above that 
for regular open-hearth steel so that the coated strip or 
sheet may be annealed at a somewhat higher tempera- 
ture after cold rolling without becoming brittle. 

Stainless cladding may be accomplished by (1) 
electro-welding stainless steel onto the carbon steel 
(2) casting the stainless steel around a solid carbon- 
steel slab or (3) placing a slab of carbon steel between 
two plates of stainless steel, and hot rolling them. In the 
last mentioned method, fluxes or metals have been used 
to facilitate bonding but are not necessary if both steels 
are cleaned thoroughly before making the “sandwich.” 
Welding is usually done around the perimeter of the 
slab. Considerable care is necessary in the preparation of 
such duplex material to avoid formation of blisters. 

Fusion Welding of Coatings may be accomplished in 
different ways, as by depositing weld metal imder a slag 
covering by the electric-arc method, or by fusing the 
surfaces of two bodies of metal in contact by passing a 
current of sufficiently high density. These initial steps 
are followed by heating and forming operations carried 
out in the usual manner, as by rolling. Similarly, weld 
metal may be deposited upon metal of another kind to 
afford greater resistance to abrasion, such as manganese- 
nickel steel welding rod used to face excavating and 
similar tools. 

Electroplating — ^This process is an old art, practiced 
not only to protect the base metal from corrosion but 
also for decorative purposes and, more recently, to pro- 
tect the base metal from wear by friction or abrasion. 
Metals used for coatings include cadmium, chromium, 
copper, gold, tin, lead, nickel, silver and zinc, and alloys 
such as brass, bronze and lead-tin as well as cobalt- 
tungsten, tungsten-nickel and cadmium-tin alloys. It 
will be noted that with the exception of zinc, which is 
anodic to steel, i.e., protects by sacrificing itself, nearly 
all electroplated coatings are cathodic to steel and pro- 
vide protection through surface coverage. The decorative 
coatings commonly used vary in thickness, according to 
the life reqtiired. Durability usually depends upon the 
properties of the coating, especially adhesion and 
porosity. The severity of conditions of exposure, partic- 
ularly with reference to acidic gases in the atmosphere, 
also affect the service life. In plating, the preparation of 
the base met^ is very important, not only in that a dean 
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Table 36 — HI. Electroplatiiv Baths 


Kind of 
Coating 

Type of 
Coat 

Typical Composition of Baths 
Water to make 1 Gallon 

Operating Conditions 

pH 

Temperature 

CF) 

Amperes 
per Sq. Ft. 

Volts 

Nickel 

Matte 

or 

Dull 

40 oz. nickel sulphate, (1) 

8 oz. nickel chloride, (2) 

5 oz. boric acid. 

1.5-2.5 

110-125 

40 

4-6 


Bright 

40 oz. nickel sulphate, (1) 

6 oz. nickel chloride, (2) 

4^/^ oz. boric acid 
and 1 to 2 per cent 
of addition agents. 

2 to 5 

125-140 

10 

2-3 


Hard 

24 oz. nickel sulphate, (1) 

3.3 oz. ammonium chloride, 

4.0 oz. boric acid. 

5.&-5.9 

120-140 

25-50 

4-6 

Chromium 

Bright 

33-55 oz. chromic acid, 
0.35-0.55 oz. sulphuric 
acid. (3) 


110-120 

150-300 

8-12 


Hard 

35-55 oz. chromic acid, 

0.2-0.7 oz. sulphuric acid. (3) 


140-150 

200-300 

8-12 

Zinc 

Acid 

32 oz. zinc sulphate, (4) 

2 oz. sodium acetate, (5) 

4 oz. aluminum sulphate, (6) 
plus 0.13 oz. addition 
agent (licorice). 

3.5-5.0 

75-120 

25 

4-6 


Cyanide 

8 oz. zinc cyanide, 3 oz. 
sodium cyanide, 7 oz. 
sodium hydroxide, plus 
brighteners (mercuric salts) 
1/16 oz. 

12-12.2 

105-120 

10-20 

4-10 

Cadmium 


3 oz. cadmium oxide, 

14.5 oz. sodium cyanide, 
plus brighteners. 

13.0 

70-95 

25 

4-6 

Tin 

Alkaline 

16 oz. sodium stannate, 

1 oz. sodium hydroxide, 

2 oz. sodium acetate, (5) 

1/16 oz. hydrogen 
peroxide. (7) 


140-180 

10-40 

4-6 


Acid 

8 02 . stannous sulphate, 9 oz. 
sulphuric acid, (3) 

7 oz. cresol sulphonic acid, 
plus addition agent. 


70 

35 

1-2 

Copper 

Cyanide 

3 oz. copper cyanide, 4.5 oz. 
sodium cyanide, 2 oz. 
sodium carbonate. (9) 

11.8-12.2 

75-120 

15 

1.5-2 


Acid 

28 oz. copper sulphate, (8) 

6.5 oz. sulphuric acid. (3) 


70-80 

30 

4-6 

Brass 


3.6 oz, copper cyanide, 1.2 oz. 
zinc cyanide, 7.5 oz. sodium 
cyanide, 4 oz. sodium 
carbonate. (9) 

11 

75-100 

3-5 

2-3 


(1) NiSO.-7H^ (3) H»S04-100% (5) Na,CJI,0.- 3H^ (7) HaO,(30%) 

(2) inCl,-6H,0 (4) ZnSO.-THX) (6) A1,(S0.),18H,0 (8) CuSOi'SHsO 

(9) NaaCOt (anhydrous) 
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surface is necessary to obtain good adherence but also 
because surface preparation has much to do with the 
final appearance, since the intermediate or final coating 
is frequently buffed to a high lustre. Therefore, the base 
metal should be smooth if polishing and buffing costs are 
to be kept to a minimum. The decorative coatings most 
commonly applied are nickel, cadmium, nickel followed 
by chromium, or copper followed by nickel or by nickel 
and chromium. To protect hard steel and iron surfaces 
from wear or abrasion, coatings of chromium or alloy 
coatings of tungsten and cobalt or nickel and tungsten 
are sometimes used although some of these may not al- 
ways be applied by electroplating. A few t 3 rpical plating 
baths with operating data as commonly used by job 
platers are shown in Table III. 

Miscellaneous Metallic Coatings — (1) Cathode Sput- 
tering. When a relatively high voltage is applied between 
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two electrodes in a partial vacuum, Inducing a glow dis- 
charge, the cathode disintegrates and the metal thus re- 
moved can be deposited in a thin film on near-by objects 
within the chamber. In suitably designed chambers, ob- 
jects may be arranged with respect to the cathode so that 
they will receive a uniform, thin coating of metal. The 
process is particularly suitable for the metallization of 
electrically non-conducting materials such as fabrics 
and phonographic recording waxes. 

(2) Evaporation or Condensation. This process, closely 
related to cathode sputtering, is of more recent origin in 
practical application. The metal vapor is produced by 
thermal instead of electrical means. A coiled filament of 
platinum or tungsten in a higher vacuum than for 
cathode sputtering is a convenient heat source. The 
process is usually confined to the deposition of pure 
metals. 


SECTION 4 

SURFACE CONVERSION COATING 


Steel is often treated in various ways by heating to 
form a uniform blue or black coating of oxide which, 
although not thoroughly protective, is pleasing in ap- 
pearance and, especially if coated with oil, wax or other 
clear protective coating, is much more resistant to cor- 
rosion than steel not so treated. “Blue-annealed” plate 
now produced on continuous plate mills is one example 
of this finish. Steam-blued and air-blued finish on thin 
sheets used for common stove-pipe slock are others and 
the gun metal finish applied to gun barrels is another. 
Strip steel is satisfactorily colored by passing through 
heated sand. From three to ten minutes treatment at 
G50 ® F will produce a rich blue color. Highly polished 
steel may be blued by placing it in a bed of hot charcoal 
about two feet deep. The lower part of the charcoal is 
in a state of incandescence whereas the upper layers are 
lower in temperature and suitable for the development 
of oxide colors. After development of the desired shade 
of blue, the article is rubbed vigorously with waste or 
cloth dipped in raw sperm oil. 

The gun -metal or carbonia finish used on rifles, shot- 
guns and revolvers, as well as on many other metal parts, 
is obtained by placing the steel loosely in a retort with a 
small amount of charred bone and heating to 700 to 
800 ® F. After the articles are thoroughly oxidized, the 
temperature is dropped to about 650 ® F and a mixture 


of bone and carbonia oil are added, after which heating 
is continued for several hours. On removal, the articles 
are dipped in sperm oil or tumbled in oily cork to de- 
velop a uniform, black finish. If a lower temperature is 
necessary to prevent excessive softening of the steel, a 
longer time is usually required and the color obtained 
is less permanent than at the higher temperatures. Ar- 
ticles which have been first nitrided, when treated by the 
gun-metal or carbonia process, take a pleasing, rust- 
resistant finish and retain their surface hardness since 
coloring temperatures do not temper nitrided articles 
Barffilng is a process somewhat analogous to steam 
bluing of sheets and black plate. The steel articles are 
cleaned, placed in air-tight ovens and they then are 
heated to a dull red heat. Super-heated steam at 60 to 
100 lb. per sq. in. pressure is introduced and a slate-blue 
coating is obtained consisting largely of magnetic oxide 
of iron. The coating is of considerable depth and is quite 
durable especially when oil or wax coatings are used as 
the final application. The Bower-Barff process is similar 
except that, after the steam treatment, the steel articles 
are cooled to 300 ® F, dipped in hot linseed oil and kept 
at 300 ° F until the oil becomes oxidized. Later, the 
process was modified by introducing benzene with the 
steam, thus shortening the treatment and producing a 
heavier coating. 


SECTION 5 

CHEMICAL TREATMENT OF STEEL SURFACES 


Black, blue or brown finishes on steel also may be pro- 
duced in various shades by a wide variety of chemical 
treatments. Molten-salt baths produce effective colors 
on clean, polished steel, but often the temperature is so 
high that a change in hardness and other mechanical 
properties may result. The method may be high in cost 
because of drag-out salt adhering to the metal on re- 
moval from the molten-salt bath. 

Niter Baths — ^Molten mixtures of sodium and potas- 
sium nitrates are effective bluing agents in the absence 
of rust. Manganese dioxide is generally added to the ex- 
tent of about 2 per cent by volume and seems to aid in 
the production of good colors. Potassium nitrate is used 
when a bath operating at low temperature is employed, 
although the sodium nitrate alone may be used without 


affecting the quality of the work. The temperatures used 
vary from 600 ® to 1000 ® F. If a lower temperature is 
necessary, a black color may be obtained by using a 40 
per cent aqueous solution of sodium hydroxide to which 
about 5 per cent each of sodium and potassium nitrates 
are added. This solution operates at 250 to 285 ® F, The 
colored articles are usually finished by immersing in 
hot oil followed by wiping and polishing. 

Polished steel is oil blackened by packing in a car- 
burizing box with spent carburizing compoimd, exclud- 
ing air, and heating to 1200 ® Ffor about one and one-half 
hours, and then quenching in oil. Variations of this 
process at lower temperatures may be effected by heat- 
ing the articles rapidly to 1000 * to 1200 ” F in air, and 
quenching in oil. Small parts are colored by introducing 
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them into a rotary furnace retort operating at about 
750 ®F. A small amount of linseed or fish oil is added 
to the charge and the parts rotated for three to ten min- 
utes after this addition, after which parts are cooled in 
air and dipped in a rust-retarding oil. 

Articles which have been quenched in oil may be 
placed, without removal of oil, in a rotary, unperforatcd- 
drum retort and heated to 500 * to 650 ® F, maintained for 
proper tempering time according to color desired. The 
longer the time the deeper and more desirable will the 
black color be. The retort is allowed to cool to 500 ® F, 
then articles are removed and tumbled in slightly-oiled 
granular cork to brighten. This method gives a combina- 
tion tempering and oil-blackening treatment. 

Browning of steel is accomplished by a wide variety 
of processes. The thoroughly cleaned steel is coated by 
spraying, brushing or dipping with two coats of a brown- 
ing solution which generally consists of a mixture of 
metallic salts, acids, alcohol or water. The coating is al- 
lowed to dry, heated to 140 * to 175 ® F, and then placed 
in a humidity room or chamber at the same temperature 
as that used for preheating, where it is allowed to rust. 
It is then washed in boiling water for 15 minutes, dried 
and cleaned with a wire brush or fiber wheel to remove 
loose particles of rust. Three more rustings with inter- 
mediate cleanings are applied after which the browned 
surfaces are coated with a rust-preventive oil. 

Solutions for the coloring of steel by chemicals are 
very numerous and often contain lead, iron, mercury, 
antimony or copper salts in combination with sulphur 
or selenium compounds. Usually the colors obtained by 
the relatively-cold chemical methods are not as brilliant 
as those from heat tinting in air or steam, or the product 


from salt baths. Nevertheless, certain new chemical 
treatments have been widely adopted, not because of 
their superior appearance, but because they are bene- 
ficial in bonding paints and lacquers, especially when 
these are baked. Such coatings have a very durable, final 
finish and one in which corrosion due to porosity of or 
imperfections in the paint film is minimized. Among 
these are Coslettizing in which the cleaned and polished 
steel articles are boiled for about two hours in a solution 
of phosphoric acid and ferrous sulphate or zinc sulphate, 
thus forming a basic iron or zinc phosphate which is very 
adherent. Parkcrizing consists essentially of treating the 
clean surface with manganese dihydrogen phosphate. 
Later the Parkerizing process was shortened by incor- 
porating a copper salt in the bath to which the name 
“Bonderizing” was given. Still further improvements 
have recently been made in the direction of time reduc- 
tion and spray application. Some of these improved solu- 
tions contain zinc phosphate along with alkali nitrates 
or nitrites. 

The Laxal treatment substituted oxalic acid for phos- 
phoric acid and was satisfactory when the enamel- or 
lacquer-baking temperature coiild be maintained tmder 
300 ‘‘F. 

Chromodizing makes use of a solution of chromic acid 
and sodium chloride which is sprayed upon clean sheets 
at a temperature of about 180 ® F. 

There are a number of other proprietary or commer- 
cial coatings which depend upon surface conversion. 
They usually employ treatment with phosphoric-acid, 
phosphate, chromic-acid, chromate or strong alkali solu- 
tions. In some instances the application of an electrolytic 
treatment is employed. 


SECTION 6 

CHEMICAL TREATMENT OF METALLIC COATINGS 


Metallic coatings such as zinc, tin and aluminum may 
be subjected to chemical treatments to increase their 
durability or facilitate the application and adherence of 
enamels, paints and the like. 

Parkerizing or Bonderite solutions, somewhat different 
from those used on steel but essentially phosphate in 
composition, arc used on galvanized or zinc coatings to 
increase the adherence of the lacquer or enamel. Patents 
are owned by the Parker Rustproof Company, Detroit. 
Michigan. 

The “Cronak” treatment likewise is used on zinc and 
consists essentially of sodium -dichromate solutions 
acidified with dilute sulphuric acid. The process was de- 
veloped by The New Jersey Zinc Company, New York 
City. 

The Iridite treatment consists of immersion in 
chromium-salt solutions compounded to yield coatings 
of various shades. These give a reasonable amount of 
resistance to wear and corrosion. They may be applied 
in 10 to 20 seconds to freshly-plated zinc or caecum 
coatings and are followed by a cold and a hot water rinse 
(see “Iron Age,” May 24, 1045; pages 34-40). 

Anozinc is an electrolytic treatment for zinc coatings 
and zinc die castings presumably consisting of a 
chromium-salt mixture which, with suitable variation, 
results in several shades or colors. The zinc-plated ar- 
ticle is made the anode and treated at a current density 
of 5 to 50 amperes per square foot for 1 to 5 minutes. This 
process was developed by United Chromium, Incor- 
porated, Detroit, Mich. 

Banox consists of the application of an amorphous or 


vitreous phosphate generally applied to zinc coatings, al- 
though it is modified to apply also to uncoated steel. It 
affords temporary protection and serves as a bonding 
agent for paints, enamels and the like (see “Steel,” June 
17, 1946; pages 122-129). 

Other proprietary or commercial coatings have been 
used more or less successfully as a treatment for metallic 
coatings. Also numerous formulae, given in handbooks, 
are adaptable to coloring metallic coatings either for pro- 
tective or decorative purposes. Typical are two given for 
blackening electroplated articles in either of the follow- 
ing solutions heated to 120 ® F: 

Antimony black 


Water 1 gallon 

Sodium hydroxide 4 ounces 

Antimony oxide oimce 

Nickel black 

Water 1 gallon 

Nickel chloride 4 ounces 

Ammonium chloride 6 ounces 

Sodium sulphocyanide 2 oimces 

Zinc chloride % oimce 

Copper carbonate % ounce 


After the black coatings are developed, the articles are 
rinsed in cold water, ^en in boiling water, dried at 
200 * F and oiled or lacquered. 
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SECTION 7 

VITREOUS-ENAMEL COATINGS 


These coatings consist of a layer of glass fused to the 
properly prepared steel base and thus are quite different 
from enamels of organic origin which will be discussed 
later. To adjust the properties of the finished articles to 
the ultimate uses, wide variations in the composition of 
this glass are required but, in general, it must adhere 
well to the steel base and possess a coefficient of expan- 
sion adjusted to that of the base metal. Good adherence 
is achieved by incorporating in the enamel certain 
oxides, usually cobalt oxide. Adjustment of coefficient of 
expansion is accomplished by a variety of compositions 
which are compounded by fusing together quartz and 
feldspar, with fluxes such as borax, fluorspar, cryolite, 
soda ash, sodium nitrate and litharge. Opacifiers such as 
oxides of tin, zirconium, or antimony arc usually added 
when the glass is ground to a fine powder. This is gen- 
erally accomplished in a pebble or ball mill. 

Ground coat application is made to the thoroughly 
cleaned sheet steel (or cast iron) article by immersing in 
a water suspension or “slip” of pulverized enamel in- 
gredients. The prior cleaning may consist of degreasing, 
pickling in acid, rinsing in a neutralizing bath, some- 
times followed by a nickel-solution dip to improve 
enamel adherence and behavior during firing, after 
which the articles are washed and dried. Cast-iron ar- 
ticles are frequently cleaned by sand or shot blasting. 
After application, the slip is allowed to drain, dried, 
heated (fired or burned) at as high a temperature as 
1500 ® to 1600 ® F for 1 to 4 minutes and cooled to room 
temperature. This fired ground coat offers sufficient pro- 


tection to the steel base and may be used alone. However, 
since the “slip” usually contains cobalt oxide, the result- 
ing coating is dark blue and may not be suitable for all 
purposes, so that a finish coat may be applied. 

Finish Coats are applied when a light color or addi- 
tional protection such as acid resistance is desired. The 
fired ground-coated article is sprayed with a slip of the 
required finish-coat composition, dried, fired for 1 to 3 
minutes and cooled. The operation may be repeated 
several times using the same or different slips and many 
attractive color combinations can be obtained if desired. 

Single-Finish Coats — Much experimental work has 
been directed toward obtaining a white enamel (since 
white is used most widely as the final coat) which can 
be applied directly to the steel or cast-iron base and re- 
sult in a good appearance with one coat only. This can 
and has been done successfully but, frequently, the one 
coat may be inferior in lustre when compared with a 
piece having two coats. Also, imperfections are very 
noticeable in white and the economy of using only one 
coat may be offset somewhat by higher rejections. 

Low-tcmpcralurc vitreous enamels — To provide a 
coating where the high gloss or decorative enamels are 
not required, ceramic coatings have been developed 
which can be applied by spraying and firing at a tem- 
perature of as low as 700 ® F for about 15 minutes. These 
have found a limited field of use for containers, marine 
hardware, ammunition boxes, radio parts, cartridge 
cases and machine-gun mounts. The composition is said 
to consist of an alkaline aluminum silicate. 


SECTION 8 

MISCELLANEOUS INORGANIC COATINGS 


Cements — These coatings differ from vitreous enamel 
in that they are not always fused to the steel, although 
the constituents consist largely of finely ground, vitrified 
products. Cracking vessels in the oil industry are some- 
times protected by a mixture of furnace cement and 
sand to which short fiber asbestos and water glass are 
added. In this instance, curing is facilitated by heating to 
about 900 ® F. The interior of cast-iron or steel pipe and 
steel tanks may be coated with cement to resist corrosive 
waters, salt solutions, oil having a high sulphur content 
and the like. Concrete coatings are used on the exterior 
of pipe when it is buried in extremely moist or corrosive 
soils. This concrete is a rich mixture approximating two 
parts sand and one part Portland cement and may be two 
to four inches in thickness. The alkalinity of cements 


usually inhibits corrosive attack of the steel to which 
they are applied. 

Core Plate — These coatings, which are discussed in 
greater detail under silicon or electrical-steel sheets 
(Chapter 46), may sometimes be inorganic in nature and 
are usually applied to silicon-steel sheets used for trans- 
former laminations to improve the insulating properties. 
Other core plates used for a similar purpose or for in- 
sulating motor laminations are organic-varnish coatings. 

Metal Powders in Inorganic Vehicles— Metal powders 
may be incorporated with inorganic silicates or phos- 
phates to produce a protective coating. Usually, such 
coatings require some baking in order to obtain satis- 
factory adherence and hardness. Bronze paint and alu- 
minum paint are examples. 


SECTION 9 


ORGANIC 

Temporary Organic Coatings— For temporary protec- 
tion in shipment or storage, steel is usually coated with 
oils known as slushing oils. Mineral oils alone are some- 
times used where corrosive conditions are not severe. 
More often, the mineral oils are mixed with inhibiting or 
polar compounds which deter rust formation. Slushing 
oils are generally removed subsequent to fabrication and 
prior to application of a permanent organic coating. At 
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times, when diluted with solvents which vaporize and 
leave only a very thin coating, the permanent organic 
coating can be applied satisfactorily without removal of 
the temporary protective film. Often, however, unless the 
temporary protective film is removed, troubles are en- 
countered due to its incompatibility with the permanent 
organic coating. For severe conditions such as outdoor 
storage or overseas shipment, heavy greases or waxes 
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Table 36 — IV. Some Substances Commonly Used in Compounding Organic Coating Mixtures 


Pigments - 


" Carbon— Lampblack 

{ Zinc 
Aluminum 
Brass 
Bronze 
I Zinc Oxide 
Red Lead 


^ Ferric Oxide 
Antimonv Tri 


Binders 


Organic 
Coatings I 
Composed) 
of I 


Antimony Trioxide 
I Titanium Dioxide 
riron (Ochres) 

Hydrates < Aluminum 

LLead Hydroxide 
TLead Carbonate (White Lead) 
c J Zinc Chromate 

1 Lead Chromate 
L Ferro Cyanides 

( Linseed 
Soybean 

China wood or Tung Oil 

Perilla 

Castor 

Copal 

Dammar 

Kauri 

Synthetic j 1^4“ 

' Mastic 

Sandarac 

Shellac 

Bakelite 

Resins < Vinyl 

Vinylidonc 

Vinvloid 

Alkyd 

Ester 

Urea Formaldehyde 
V ^Rubber Tomesit 

f Asphaltum 
Bitumens < Gilsonite 

I Tar and Oil Pitches 

I Nitrate — Pyroxylin 
Cellulose Derivatives^ Acetate 
i Ethers 

I Di -Butyl Phthalates 
' Di -Ethyl Phthalatcs 
Nonvolatile Solvents^ Di-Amyl Phthalales 

Tri-Cresyl Phosphates 
Tri -Butyl Phospnate- 
LButyl Stearate 
"Turpentine 
Dipentene 

J Hydrogenated Paraffin 

Hydrocarbons Petroleum < Petroleum Extracts 
^oluol 
I Aromatic J Xylol 

1 Hi -Flash -Naphtha 
I Amyl 
Acetates 1 Butyl 
Ethyl 

Est^r* ] Butrales 


' Hydrocarbons 


Petroleum 




{aSi" 

Lactates 

f Ethyl 
i Butyl 
I Amyl 

LHexalin ^ Phenol Derivativ^n) 
r Methyl 
{ Ethyl 
I Butyl 
(Lead 
jlron 

fLead fResinates 

< Manganese s Linoleates 
ICobalt iNaphthenates 


LNaphthenates 
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compounded with inhibitors are applied. When condi- 
tions are unusually severe and the value of the steel 
product justifies the cost, plastic films are applied, which 
can be removed by stripping. This latter expedient may 
be used for overseas transportation and storage of ex- 
pensive equipment. 

Permanent Organic Coatings are commonly known as 
paints, varnishes, enamels, lacquers and japans. The pig- 
ments for organic coatings are generally of inorganic 
nature. Paints are mixtures of pigments with drying oils, 
usually linseed or tung oils, which dry by oxidation. 
Varnishes are solutions of resinous material in oils or 
volatile liquids which dry by evaporation or oxidation. 
Enamels can be called varnishes to which some pigment 
has been added. Lacquers comprise solutions of shellac, 
resins, cellulose derivatives or polymerization products 
in suitable solvents, all of which dry by evaporation. 
Japans are varnishes compounded to permit drying at a 
temperature high enough to keep their oleoresinous 
compounds in a liquid state until oxidation is completed. 
As indicated in Table 36 — IV, the subject of organic 
coatings is too extensive and complex for discussion in 
this book. 

The importance of such coatings in the protection of 
steel is, however, too great to dismiss without a brief 
discussion of some of the types of excellent coatings 
which have been developed. This field is in a constant 
state of flux or change due to rapid application of newly 
developed materials. 

As mentioned previously, paints may be considered as 
mixtures of pigments with drying oils. The service life 
of the painted steel will depend on the quality of the 
paint applied, the type of environment to which the 
painted article is exposed, the surface preparation and 
the care exercised in application of the paint. 

Special Polymers — Rapid development in the 
synthetic-resin field has produced many synthetic fin- 
ishes of extraordinary resistance to various corrosive 
conditions. Many of these are limited to special fields 
because of high cost but their use has increased as means 
have been found to produce them more economically. 
Some, such as the polyvinyl-acetate resins and copoly- 
mers of vinyl acetate and vinyl chloride, are finding 
wide application because of their resistance to chemical 
attack, superior adhesion and unusual toughness. Poly- 
mers of certain derivatives of acrylic and methacrylic 
.icids possess optical clarity and superior light transmis- 
sion as well as resistance to chemical attack. Certain pig- 
ments incorporated in paint films inhibit both the start 
and spread of corrosion. Zinc and lead chromates, and 
red and blue leads are useful in this respect. Rubber 
niodified with chemicals such as chlorine is a very suit- 
able substance for paints intended to resist corrosive 
chemicals. 

Asphaltum finishes based on coal tar or petroleum 
asphalt are black and possess good heat resistance where 
temperatures are not too high. They are conunonly in- 
corporated with other materials to increase their dura- 
bility. 

Application and Drying of Organic Finishes — Since the 
bond between metal and coating is the weak point in 
most paint systems for metals, the method of application 
is extremely important. Prior to application, thorough 
cleaning of the surface is necessary. Since no paint 
system is entirely impermeable to moisture, durability 
is increased by chemical treatments or inhibitive washes 
of the steel base, many of which are proprietary in 
nature such as ‘‘Bonderizing.” The application of such 
treatments prior to painting is practiced extensively in 
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plants fabricating steel articles, although recently their 
use has increased on structural-steel work after erec- 
tion. Tests at the National Bureau of Standards indicate 
that the rust-inhibitive solution should be allowed to 
react with the steel, which then dries. Thorough washing 
is then advisable, to remove the excess inhibitor, fol- 
lowed again by drying prior to application of the primer 
paint. A satisfactory wash originated by the U. S. En- 
gineer's Office has the following composition: 


Per Cent 

Ingredient s by Weight 


Commercially-pure ortho phosphoric 

acid (HJ^Oi) 7.00 

Sodium dichromate (NaaCraOi 2ILO) 0.75 

Caramel solution 0.50 

Wetting agent (such as “Cellosolve,” 
ethylene glycol monoethyl 

ether, C«H 50 ClLCHaOH) 0.50 

Water 91.25 


The older and more common methods of application 
of finishes by brushing or dipping are still widely used 
but in factories the installation of conveyor systems ha.s 
increased the use of roller coating methods for flat 
products and spraying for more complicated or formed 
shapes. These operations arc usually performed me- 
chanically and are often followed by a closely controlled 
baking treatment. Banks of infra red lamps, or gas fired 
or electric ovens, may be used. In some instances, this 
heating merely serves to drive off excess solvents. In 
other cases the oxidation of the coating, required for a 
durable finish, is also accomplished. Here, the composi- 
tion of oven atmosphere is important. Baked coatings are 
usually harder, tougher and often more durable than 
those which are air dried, and quite often the coating 
mixture for an air-dry coating is different than one for 
baking. With the more general use of continuous coat- 
ing methods, continuous baking is a common practice in 
quantity production. These methods are utilized in the 
production of small and large parts of the majority of 
manufactured articles. 



Chapter 37 

THE MANUFACTURE OF TIN PLATE 


SECTION 1 

TIN-MILL PRODUCT TERMINOLOGY 


Tin-mill products originate with flat-rolled, mild 
(low-carbon) steel in relatively thin gages. They com- 
prise black plate, tin plate, and short terne plate. Of 
these, tin plate is the most important commercially, ac- 
coimting for about four-fifths of the combined tonnage 
of all tin-mill products. Black plate accounts for most of 
the balance. Short terne plate, at one time produced in 
quantity, is now a relatively minor factor in tin-mill 
production, and is discussed in Chapter 38. 

Black Plate— Although originally designating thin 
steel plates produced by hand hammering, the term 
“black plate” has persisted and now defines the product 
of the cold-reduction method in gages No. 29 and lighter 
(thicknesses 0.0141 inch and under) . Some of the details 
of rolling and heat treating such light-gage product were 
discussed in Chapter 34. 

“Black” plate does not have a black appearance. Pres- 
ent methods of manufacture generally result in a flat- 
rolled product having the typical appearance of clean 
steel. The appearance of black plate may be affected, 
however, by modifications of annealing practice, or of 
processing methods that affect the roughness of the sur- 
face texture. 

Black plate as such is sold either in cut sheets or in coil 
form and is used for fabricating a variety of items in- 
cluding containers, trays and toys. When coated with 
suitable organic coatings, it exhibits considerable resist- 
ance to corrosion and its use for containers is increasing. 
Uncoated, black plate is extremely susceptible to rusting 
and precautions to prevent condensation of moisture 
must be taken during shipment and warehousing. Some 
manufacturers are equipped to apply thin films of pro- 
tective oils to minimize rusting. Other mills are equipped 
to produce chemically treated steel (CTS), which is 
black plate given a protective chemical treatment to 
enhance rust resistance and adhesion of organic coalings. 
Such treated plate usually requires a protective organic 
coating applied by the user. Precautions to prevent con- 
densation of moisture are necessary during shipment 
and warehousing. 

The most important use of black plate is in the manu- 
facture of tin plate, as described hereafter. 

Tin Plate— Tin plate may be described as full-finish 
black plate additionally processed and coated on both 
sides with commercially pure tin. The widespread use of 
this major steel-mill product arises from its combination 
of the strength of steel with the protective properties and 
solderability of tin. When coated by the hot- dip process 
(see Section 5), the tin plate is termed coke tin plate, 
charcoal tin plate, or silver tin; these terms are defined 
imder “Hot-Dipped Tin Plate,” immediately following 
this paragraph. When coated by the electrolytic process 
(see Section 6), it is termed electrolytic tin plate. In the 
United States at the time this is written, approximately 


80 per cent of the tin-plate tonnage produced represents 
electrolytic tin plate and the remaining twenty per cent 
tin plate made by the hot-dip process. 

Hot -Dipped Tin Plate— Tin plate formerly was pro- 
duced by the hot-dip tinning of thin plates hammered or 
rolled from bars of puddled iron. The pig iron used in 
puddling might have been made in blast furnaces using 
charcoal or coke as fuel. Plates made from “charcoal 
iron” were considered a more ductile and higher grade 
product; hence, tin plate made by coating charcoal iron 
plates with tin (charcoal tin plate) was regarded as a 
product of higher quality than tin plate with a coke iron 
base (coke tin plate). At present, the designation “char- 
coal tin plate” merely indicates plate with a relatively 
heavy tin coating as compared with “coke tin plate” as 
described below, and has no significance so far as quality 
of the steel base is concerned. 

Various grades of hot-dipped tin plate are produced at 
present, the terminology indicating in a general way the 
weight of tin coating or, indeed, more exactly indicating 
the amount of tin used to produce the given unit or base 
box of plate. Coke tin plate has always designated the 
plate produced with the lowest amount of tin and 
formerly was called “Cokes” or “Common Cokes.” Cur- 
rently, in ascending weight of coating, the various grades 
arc Common Cokes, Standard Cokes, Best Cokes, Kan- 
ners Special Cokes. ‘‘Charcoal Tin Plate” carries still 
heavier coatings including 1 A and 2A. Silver tin is made 
by hot-dip tinning a mechanically roughened steel base. 
It has a dull surface, but carries a heavy coating of tin. 

Electrolytic Tin Plate is available in both melted and 
matte (unmelted) finish. The former has bright luster 
and is similar in appearance to hot-dipped tin plate. 
Matte finish tin plate is lacking in luster. 

Electrolytic tin plate theoretically can be produced in 
any coating weight. The commercial grades of electro- 
lytic tin plate available at present include coating 
weights of 0.25, 0.50, 0.75, and 1.00 lb. of tin per base box, 
identified by the numerals 25, 50, 75, and 100, respec- 
tively: in addition, tin plate identified as 100-25 differ- 
ential tin plate is available that carries a 1.00 lb. per base 
box coating on one side and a 0.25 lb. per base box coat- 
ing on the other. Although normally sold in sheet form, 
electrolytic tin plate is available in coil form also. 

The 100-25 differential plate was developed to con- 
serve tin, the 100 surface being employed as the inside 
surface of containers where maximum protection is re- 
quired. The light-coated surface of 100-25 differential is 
identified by making it less lustrous than the heavy- 
coated surface. This is usually done either by roughen- 
ing the steel surface during temper rolling or by anodiz- 
ing the plated surface in a suitable electrolyte just before 
melting. Other methods for producing a non-lustrous 
surface are \mder consideration. 
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Symbols and De^tion of Base Box— Tin plate is sold 
on a weight per xmit area basis rather than a gage thick- 
ness basis. The unit of area is the base box, equal to the 
area of 112 sheets, 14 by 20 inches, or 31,360 square inches 
(217.78 sq. ft.). 

In the early eighteenth century in England, 14 by 
20-inch plates were packaged in lots of 112 sheets to 
make one hundred-weight (112 lb.) . When the plate was 
heavier, it was identified as IX or one cross. The cross 
denotes an increase in weight of 28 lb. or one quarter 
hundred-weight. 

The use of symbols to designate gage now has been 
displaced by base weight classification. Base weights (or 
basis weights) which indicate the approximate thick- 
ness of the plates are expressed in pounds per base box. 
Estimated weights of tin plate of other sizes than 14 by 
20 inches are computed readily through the use of base 
box ratio tables. Table 37 — I shows tlie nominal weights 
in pounds per base box of the plate commonly produced. 
The table applies to hot-dipped tin plate produced in 
sheet form. Present continuous strip plating lines for 
electrolytic tin plate are normally designed for produc- 
ing the lighter basis weights, up to about 13,5 pounds 
per base box. 


Table 37— L Nominal Weights of Tin Plate Commonly 
Produced 


Weight 
(lb. per 
base box) 

Equival(;iit 
Weight 
(lb. per 
sq. ft.) 

Weight 
(lb. i)er 
base box) 

Equivalent 
Weight 
(lb. per 
sq. ft.) 

55 

0.2526 

155 

0.7117 

60 

0.2755 

168 

0.7714 

65 

0.2985 

175 

0.8036 

70 

0.3214 

180 

0.8265 

75 

0.3444 

188 

0.86.33 

80 

0.3673 

196 

0.8954 

85 

0.3903 

208 

0.9551 

90 

0.4133 

210 

0.9643 

95 

0.4362 

215 

0.9872 

100 

0.4592 

228 

1.0469 

107 

0.4913 

235 

1.0791 

112 

0.5143 

240 

1.1020 

118 

0.5418 

248 

1.1.388 

128 

0.5878 

255 

1.1709 

135 

0.6197 

268 

1.2306 

139 

0.6,383 

270 

1.2398 

148 

0.6796 

275 

1.2628 


SECTION 2 

OCCURRENCE, MINING, AND REFINING OF TIN 


Tin, though one of the common metals, is the most 
sparsely distributed metal in common use. Its main 
sources at present are the Malay States, Dutch East 
Indies, Bolivia, Siam, China, Belgian Congo and Nigeria. 
These deposits produce probably 85 per cent of the 
world’s supply. The large portion of the remaining 15 
per cent is accounted for by the deposits in Australia, 
the centuries-old mines in Cornwall, the Union of South 
Africa and India. 

The most abundant source of tin is the oxide, cas.sil- 
erite, or tin stone, and the greater portion of the world’s 
supply from workable deposits is derived from alluvial 
deposits in river bods. The cassiterite originally occiirred 
in veins and lodes in highly acid igneous rocks. The ore 
may be found also as primary veins in metamorphosed 
sedimentary rocks. Cassiterite has a relatively high 
specific gravity (6.4-7,l). 

Alluvial deposits of tin stone occur associated with 
gravel, which may be bonded with clay and covered 
with more or less overburden consisting of soil, clay, 
etc. This type of deposit, found in the Malay States, 
Dutch East Indies, Siam, China and Nigeria, is worked 
by various types of hydraulic mining. Washing of the 
deposit with running water causes a breaking up of the 
gravel and a carrying away of the lighter pebbles while 
the heavier tin stone is retained and recovered. The con- 
centrates are hand picked to remove non-stanniferous 
metals, and may be rewashed in small sluice boxes and 
concentrated by hand jigging. 

Tin ore in Bolivia and Cornwall is practically all vein 
tin. Here the tin ore is found in lodes and beds, in older 
rocks such as granite, gneiss and mica schist, associated 
with a large proportion, perhaps 95-99 per cent, of gangue 
consisting principally of silica and silicious minerals, 
metallic minerals like the sulphides of iron, copper, lead 
and zinc, iron oxides and wolframite (a tungstate of iron 
and manganese) .The ore first is crushed to pass approxi- 
mately a twenty-mesh screen and then concentrated by 
washing. The finely washed ore in the slimes is treated 
in settling tanks, or on slime tables. 

Regardless of which method is used to concentrate 


the ore, the concentrates then are roasted to remove 
sulphur and arsenic. This operation in turn is followed 
by a second washing, although in some cases the roasted 
ore is treated in magnetic separators to remove iron 
oxide and wolframite prior to washing. The tin stone is 
then ready for the smelter. Reduction of the tin ore is 
accomplished either by the use of a reverberatory fur- 
nace or a blast furnace. The crude tin thus obtained then 
is refined by a liquating operation in which advantage 
is taken of the low melting point of tin. The impure metal 
is heated on the inclined bed of a furnace to a tempera- 
ture just above its melting point. Comparatively pure 
tin trickles down to a basin below, leaving the higher 
melting point impurities on the bed of the furnace. The 
low melting point impurities, lead and bismuth, are re- 
moved by either or both of two oxidizing methods. The 
first of these is an operation called boiling, in which 
sticks of green wood are immersed in the molten metal 
and undergo destructive distillation to produce bubbling 
by the steam and gases generated to agitate the molten 
metal bath. Different portions of the metal thus are 
exposed to air and are oxidized. The oxidized impurities 
float on top of the molten metal to form dross. The oxide 
drosses then are skimmed from the surface of the bath. 
Similarly, pouring ladlefuls of molten metal from a 
height into the bath permits the oxidation of impurities. 
This latter operation is called tossing. Drosses may be 
resmelted to recover tin losses. 

In more modem extraction methods, ore concentrates 
are calcined with or without additions intended to facili- 
tate further processing. The iron and other impurities 
then are removed readily by leaching the ores in solu- 
tions of hot hydrochloric acid. Leaching is followed by 
filtering of the chloride solution. After washing with 
dilute acid, the residues are of such purity that subse- 
quent treatment in reverberatory furnaces will yield a 
metal containing at least 99.80 per cent tin. It is possible 
to obtain metal of 99.98 per cent tin content through re- 
finement by electrolytic means, but electrolytic methods 
on a commercial scale were abandoned in the United 
States in 1923. 
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Properties and Uses of Tin — ^Tin has a silver color with 
a slight bluish tinge, a brilliant luster, a structure which 
is distinctly crystalline, and is soft and malleable at 
ordinary temperatures. Other physical properties of tin 
are: 

1. Atomic Weight — 118.7 

2. Atomic Number — 50 (isotopes with masses 112 to 
124) 

3. Density — 7.31 

4. Specific volume — 0.1395 at 20 * F 

5. Hardness on Mohs* scale — 1.8 

6. Tensile strength— about 2200 lb. per sq. in. and 
elongation of 86 per cent 


7. Melting point — 449.4 *r (231.9* C) 

8. Boiling point— 4120* F (2270* C) 

Tin is alloyed with other metals to make bronze, Bri- 
tannia metal, pewter, solder, or white bearing metal. 
Pure tin or lead-tin alloy, rolled very thin, is known as 
tin foil. Tin amalgam is used in making mirrors, and tin 
condenser tubes are used in laboratory stills. Tin, in con- 
junction with an acid, is used as a reducing agent. 

Stannic oxide is used as a polishing powder, and as 
an opacifying agent in glasses, glazes and enamels. The 
chlorides are used as a mordant in weighting silk and 
in dyeing. The largest use of tin at the present time is 
the manufacture of tin plate. 


SECTION 3 

USES AND IMPORTANCE OF TIN PLATE 


Tin plate represents one of the major items produced 
by the steel industry in the United States. In normal 
non-war years, the tonnage has represented approxi- 
mately 5 to 7 per cent of the total steel production. Sta- 
tistics compiled by the American Metal Market show 
that production has increased steadily from about 340,- 
000 tons in 1900 to about 2,750,000 tons in 1940; new 
facilities have increased capacity so that by 1948 it was 
about 4,000,000 tons and by 1955 it was about 5,600,000 
tons. This increase has kept pace with the growth of the 
food preservation industry. 

The continued increase in consumption of tin plate 
attests to the unique properties of this product, in which 
are combined the strength of steel and the corrosion 
resistance of tin. Tin plate is fabricated and soldered 


readily on high-speed forming equipment. It has a 
pleasing appearance. It is relatively inexpensive and is 
non-toxic. Because of these and other properties, tin 
plate has been found to be the ideal fabrication material 
for food and other containers (tin cans), crown caps 
and other bottle caps or closures, for kitchen utensils 
such as baking pans, for various drawn or fabricated 
parts in radios, such articles as electrical equipment, and 
toys. 

The largest use of tin plate is for containers, and the 
improvements in its manufacture have been dictated 
largely by the requirements of the container industry. 
The cans are used not only for foods, but also for paints, 
oils, tobacco, detergents, insecticides, proprietary drugs 
and beverages. 


SECTION 4 

PROCESSING OF STEEL FOR TIN PLATE 


Types of Steel Used — Most of the steel used for the 
production of tin plate is made by the open-hearth proc- 
ess. Depending on the stiffness required for the various 
applications, the phosphorus content may vary from 
residual to as high as 0.15 per cent. Acid Bessemer steel, 
because of its relatively higher phosphorus content, is 
stiffer than average basic open-hearth steel, and has a 
distinct advantage where greater stiffness is desirable. 

The steels utilized for tin plate production commonly 
are classified as “dead soft” carbon steels having a maxi- 
mum carbon content of 0.15 per cent. The great prepon- 
derance of tin plate steels are produced as either rimmed 
or capped steels. The rimmed steels are utilized in gen- 
eral for the softer and deep-drawing tin plate require- 
ments, whereas the capped steels find application in 
meeting the stiffer tin plate requirements of stamping 
or forming. The capped steels for tin plate have the 
definite advantage of being relatively uniform through- 
out in grain size, cleanliness, and chemical composition. 

Of special importance in the manufacture of hot- 
dipped tin plate is the selection of the proper composition 
of steel base for the job. Virtually all tin plate is made 
with a base having composition (of the metal in the 
ladle) falling within the following composition ranges: 


Carbon 

Manganese 

Phosphorus 

Sulphur 

Silicon 

Copper 


0.04 to 0.15 
0.20 to 0.60 
0.15 max. 
0.050 max. 
Residual 
OuSOxnax. 


For particular applications, as determined by temper 
requirements and pack corrosivity, the desired ranges 
will be selected. The acid fruit products represent in 
general the most corrosive media. For these applications 
the phosphorus, silicon, copper and “tramp” elements 
in the steel are held to low limits. 

Equipment and Practice — The sequence of operations 
in the manufacture of tin plate is as follows: slabs arc 
healed and hot rolled to coiled breakdown form on the 
hot-strip mill. The breakdowns are continuously pickled 
and taken to the cold-rcduction mills where they are 
reduced to black-plate gages. The cold-reduced material 
is cleaned, annealed and temper rolled in coil form; these 
coils are the starting material for the hot-dip tinning 
process described in Section 5 of this chapter, beginning 
with shearing of the plate into sheets. 

As preceding sections of this book discuss and describe 
in detail the equipment and operation of the continuous 
hot-strip mill, the continuous pickier, the cold-reduction 
mills, and all other equipment necessary for the process- 
ing of hot-dipped tin plate up to the actual coating 
operation, the following explanations will be limited to 
general control measures designed to produce the most 
suitable product. 

In continuous hot-rolling, the slabs of steel, ranging 
from 4 to 7 inches in original thickness, are hot reduced 
at an elevated temperature to a single continuous length 
which, for ease in handling, is rolled up into the form 
of a coil. This coil product may be as thin as 0.065 inch 
or as thick as 0.125 inch, depending upon the desired 
thickness of the product after cold reduction; it will 
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generally be between 0.070 and 0.090 inch for the bulk 
of the tin plate produced in this country. Factors such 
as type of hot-rolled surface desired, ease witli which 
oxide can be removed prior to the cold-reduction opera- 
tion, hardness of the hot-rolled product desired and 
resultant mechanical properties, grain size and corrosion 
resistance of the final product, all must bo considered 
in establishing an optimum hot-rolling practice. In gen- 
eral, the 0.070 to 0.090 inch thick hot-rolled product will 
have a temperature between 1500® and 1600® F at the 
exit side of the last finishing stand. Similarly, this prod- 
uct going into the coiler generally will be in the range 
of temperature between 1100® and 1250® F. 

For the production of tin plate, it is sufficient to say 
that the primary functions of continuous pickling are 
to remove uniformly all of the hot strip mill scale and 
oxide from the surface of the steel and subsequently to 
oil the pickled product. These operations are necessary 
prior to taking the very heavy cold reductions necessary 
to obtain the light tin plate gages and to ensure the clean 
surface finally necessary for the tinning operation. 

The importance of the cold-reduction operation to the 
over-all quality of tin plate cannot be over-emphasized. 
This operation determines the gage uniformity and, to a 
great extent, the surface quality and flatness of the final 
tin plate product. These three properties require par- 
ticularly close control because of the demands of the 
very sensitive coating operations and the high-speed 
automatic can-making operations. To attain the 80 to 
90 per cent cold reduction used on the base metal for 
tin plate manufacture, nearly all plants in this country 
use four-stand or five-stand four-high tandem cold- 
reduction mills with delivery speeds of 2000 to 6000 feet 
per minute. The design and operation of these mills are 
described in Chapter 34. It should be mentioned here 
that the mills used are generally from 42 to 56 inches 
wide to produce the usual 24 to 36-inch widths and that, 
whore a mill is installed soUdy for the manufacture of 
tin plate, the five-stand mill is more satisfactory than 
the four-stand for rolling the light gages involved. 

The cleaning operation is particularly important in 
the manufacture of coated products, as the efficiency 
with which the cleaning operation is performed has a 
marked bearing on the subsequent coating operation and 
the quality of the final coating. Its function is to remove 
all traces of cold-reduction lubricant from the coil prod- 
uct, leaving a bright, clean surface for subsequent opera- 
tions. 

This cold -reduced product is quite hard, having a 
Rockwell (30-T scale) hardness of approximately 80 to 
85, and must be softened by annealing. Both batch -type 
(box anneal) and continuous annealing furnaces are 
used and the trend is toward further use of continuous- 
annealing furnaces. In the box-annealing process, steel 
for tin plate is heat treated in coil form in a protective 
atmosphere. Considering both equipment limitations and 
quality evaluation of the annealed product, it has been 
found generally desirable to box anneal the coiled prod- 
uct within the steel -temperature range of 1150 to 1250 ® F, 
with soaking periods of 4 to 12 hours. This type of sub- 
critical annealing is known as process annealing. While 
the heating cycle in relation to the metalloid content 


of the steel largely determines grain size of the finished 
product and exerts a strong influence on the mechanical 
properties of the finished tin plate, the cooling cycle 
plays an important part as regards surface. A clear, 
bright, relatively oxide -free coil product can be obtained 
if the deoxidizing gas is allowed to circulate \mder the 
inner cover until the steel temperature drops below 
approximately 250® F; such a surface is considered de- 
sirable for tin plate. In the continuous -annealing process, 
the steel is heated in protective atmospheres to about 
1200 ® F in a fraction of a minute at strip speeds of 1000 
feet per minute in existing furnaces and at projected 
speeds of 2000 feet per minute in newer furnaces. Con- 
tinuously annealed strip is inherently stiffer than box- 
annealed strip, but possosse.s good formahility; thus, 
continuous annealing offers a method for obtaining tin 
plate of higher temper without change in steel composi- 
tion. 

The function of the temper mills in the manufacture 
of tin plate is threefold: to impart the desired surface 
finish to the product, to produce acceptable flatness and 
to develop the desired mechanical properties. 

The surface finish is controlled largely by the smooth- 
ness of the exit work rolls. Smooth-ground rolls impart 
a bright, dense surface finish whereas rough -ground or 
shot-blasted rolls impart a rougher finish. All grades 
except matte finish (No. 5 finish) and silver tin are fin- 
ished with smooth rolls. 

Flatness is obtained by proper adjustment of such 
factors as roll contour, finish, pressure and strip tension. 

For the softest tempers, temper rolling (also called 
.skin rolling) is done on a conventional four-high single- 
stand coil temper mill although these tempers can be 
produced with care on two-stand tandem temper mills. 
The objective here is to flatten the strip and impart the 
proper surface in one pass with a minimum of hardening 
effect due to cold working of the product, the thickness 
reduction being held to less than 1 per cent. For the 
higher tempers, a two-stand four-high tandem temper 
mill is employed, or the strip is given two passes through 
single-stand mills. On such material, temper rolling has 
the added function of increasing the steel hardness, and 
thickness reductions of 2 per cent and higher are com- 
mon. As an aid to temper rolling, the work-roll surface 
of the first mill stand is relatively rough, being rough- 
ground or shot blasted, and the work rolls of the second 
stand or finishing mills are ground smooth. Thus, super- 
ficial hardening, arising from second-stand smoothing 
of the rough strip surface imparted in the first stand, is 
added to the full-section hardening of the actual strip 
extension under rolling pressures and reel tension. Mod- 
ifications of temper mills for tin plate include means for 
applying high strip tensions and for developing heavier 
drafts in the first stand, as mentioned in the section on 
finishing. 

Rockwell hardness-testing machines are used to meas- 
ure the “temper*^ of the coils. If the hardness values are 
too low, the coils are rerolled. 

After temper rolling, coils are conveyed either to a 
shear line, where they are cut to sheets for sale as black 
plate or for hot-dip tinning, or to a side-trimming and 
recoiling line for preparation for electrolytic tinning. 


SECTION 5 

HOT-DIPPED TIN PLATE 

Shearing Practice — At the flying shears, the coils for into an off- weight piler and thus separated from product 
conversion to hot-dipped tin plate are side trimmed and of correct thickness. Perforated sheets are detected with 
cut to sheets, A micrometer, operating continuously, an “electric eye” and are rejected automatically, 
rejects ofT-gage sheets which are diverted automatically White-Pickling Practice— Pickling to remove all sur- 
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TIN POT ASSEMBLY 



STRIP TRAVEL _ 

Fig. 37--1. Schematic arrangement of equipment comprising a modern tinning stack. 


face contaminants, such as light oxides resulting from 
the annealing treatment before tinning, is commonly 
termed white pickling to differentiate from other pick- 
ling processes. A clean, uniformly pickled surface is a 
requisite for successful hot tinning. The cold-reduced 
product is pickled in sulphuric acid of 2 to 6 per cent 
concentration at 150 ® to 180 F for 2 to 4 minutes, fol- 
lowed by rinsing in cold water. Pickling inhibitors fre- 
quently are used to prevent over-pickling or etching of 
the plate. The pickled steel is stored in a “bosh’* or steel 
storage tank containing a 0.10 per cent hydrochloric- 
acid solution until ready for tinning. 

Electrolytic pickling is supplanting white pickling in 
many plants. Sheared plate is fed automatically into the 
electrolytic pickier and thence into the tin pot (Figure 
37 — 1). Various feeding devices may be employed and 
common acids used in such a unit. Its advantages include 
the elimination of the heavy manual labor necessary in 
hand-loading and unloading the white pickier and in 
providing uniform and controllable pickling action. 


The Hot-Dip Tinning Operation— A tsrpical hot-dip 
tinning shop or tin house normally consists of a long 
rectangular building with the tin stacks arranged side- 
by-side in a straight line. The individual tin stacks 
usually are hooded completely to draw off all fumes 
from the flux, palm oil and tin baths and to minimize 
as much as possible loose bran particles in the air from 
the branning unit. A modern tinning stack consists of 
an assembly of equipment arranged to perform a number 
of operations in a continuous manner (Figure 37 — ^1). 
The integral parts of this assembly, in the order in which 
they perform their function on the sheet being coated 
are as follows: 

1. The feeder 

2. The tin pot and tinning machine 

3. The wet washing machine 

4. The branner 

5. The piler 

Modem hot-dip tinning lines are commonly of two sizes, 


MAGNETS— 


PACK HOLDER' 
PRESSES PACK 
TO MAGNETIC 
ROLLS 


FLOOR 

LINE'S,, 



COOUNC AND SETTLING TANKS 

Fig. 37—2. Schematic diagram of a tin pot and tinning machine. The feeding unit at the left is known as a 
Poole feeder. The brushes on the tinning rolls have been omitted. 
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the 64-inch and the 75-inch machine. These designate 
the length of the roll bodies in the tinning machines. 
The 64-inch normally operates as a two-way machine 
(two sheets of tin plate pass side-by-side through the 
molten tin bath) whereas the wider 75-inch machine 
may be used as a three-way machine on narrow product. 

The feeding mechanism varies in design from plant 
to plant. Feeding may be done manually or by automatic 
feeding machines. The Poole feeder (Figure 37—2) is a 
common automatic type, in which individual sheets are 
lifted by a magnetized roller from the feeder tank to 
the supplementary tinning machine equipment. 

This tinning equipment consists of a series of guides 
and rolls to convey and guide the sheets being coated 
from the feeding mechanism downward through the 
molten flux and tin baths, then upward out of the molten 
tin and through a bath of hot oil onto the conveyor, as 
shown in Figure 37 — 2. The axes of each set of rolls lie 
in the same horizontal plane. Three pairs of rolls are 
positioned in the hot oil so that the lowest pair is slightly 
above the molten tin level and the top pair is just below 
the top level of the oil. The tinning machine rolls nor- 
mally range from ZVz to 4 inches in diameter and are 
of high-carbon steel heat treated to high hardness. Their 
surfaces are very accurately finished by machining and 
grinding. The tin pot, which holds from 8,000 to 17,000 
pounds of commercially pure molten tin at about 620 ® F, 
is filled to a point approximately 4 inches from the top 
of the entry side. The pot is made of plate steel, enclosed 
in a brick chamber, and generally is heated by gas or 
oil burners or by an immersion heater. The flux box is 
a long narrow box with its sides converging downward 
but without any top or bottom. It is located on the entry 
side of the tin pot and the lower edges extend down- 
ward into the molten tin bath. The flux bath, approxi- 
mately 3 to 4 inches in depth, floats on the su^ace of 
the molten tin bath. The space between the bottom of the 
flux box and the opening in the partition is equipped 
with top and bottom guides. In addition, either an apron 
or guides are provided in the tin bath chamber to control 
the path of the plate from the flux box into the nip of 
the bottom rolls in the tinning machine (see Figure 
37—2) . The flux in common usage is essentially a water 
solution of zinc chloride which may contain some am- 
monium chloride. 

The tinning rolls in the palm oil are equipped with 
wipers or brushes, whose function it is to aid in the 
control of the tin coating. These brushes are, of course, 
adjustable from outside the actual oil chamber. They 
commonly are constructed of either soapstone or asbes- 
tos or of laminated combinations of these materials. 
Directly above the exit set of rolls, approximately 18 
inches away, is the catcher. This mechanism consists of 
a frame supporting guides and rolls which feed the 
coated and oily sheets from the exit side of the pot past 
a jet of cooling air to the conveyor. 

The palm-oil bath on the exit side of the tin bath, in 
addition to protecting the surface of the molten tin bath 
from oxidation, tends to keep the tin coating on the 
sheet in a molten condition and thus allows the tinning- 
machine rolls and brushes to control the distribution 
and thickness of the tin layer. Temperature of the palm 
oil is maintained as low as is consistent with satisfactory 
operating conditions, usually about 465 ® F. Oil generally 
is recirculated through a central reservoir. Excessive oil 
temperatures may cause the formation of oxide films of 
various colors, resulting in xinsightly tin plate. Tin oxide 
films are discussed more fully later under “Metallurgical 
Aspects.” The viscosity of the palm oil is also of prime 
importance because excessive oil is carried out of the 
bath if it is too viscous. 


After being transferred by the catcher to the conveyor, 
the plate travels tlirough the wet washing machine 
(Figure 37 — 1). The purpose of this unit is to remove 
the excess of palm oil from the surface of the coated 
sheet. The washer contain.^ a hot water solution of soda 
ash or trisodium phosphate at a concentration of 0.10 
to 0.15 per cent total alkalinity. The solution in most 
plants is circulated from a central storage tank which 
supplies the entire tinning shop. The inflow of solution 
is controlled automatically and the overflow is collected 
in a drainage system or sump. The palm oil is removed 
at this point for future use. 

The washed sheet is now relatively free from oil. Since 
the sheets are imsatisfactory for ultimate use without 
some oil being present, the sheet is next passed into a 
branner where a light oil film is distributed across the 
sheet surface. The branner unit consists of tandem sets 
of cleaning rolls composed of thousands of canton flannel 
discs about 4 inches in diameter tightly compressed on 
a long square steel mandrel. Bran or middlings (a mix- 
ture of wheat and rye) are fed into the first set of rolls 
to absorb the moisture, and distribute uniformly the oil 
that remains on the plate surface from the washer. The 
last rolls of the machine, together with a combination 
of vacuum and pressure hoods, are used to minimize 
the presence of bran on the sheets. From these hoods 
the product passes down the conveyor to the pilcr, which 
automatically stacks the plate in neat piles without 
scratching or otherwise marring the tinned surface. 

Coke Tin Plate — Tinning Roll Practice— The most 
commonly supplied grades of hot-dipped tin plate are 
Standard and Common Cokes. On Standard Cokes the 
mills aim for an average tin coating weight of 1.35 pounds 
per base box of plate and for the Common Cokes the 
aim is an average tin coating weight of 1.10 pounds per 
base box. In order to obtain the best possible uniformity 
of coating, the middle and top sets of tinning-machinc 
rolls in the exit side of the pot usually are grooved 
.spirally. The depth of grooving varies with the results 
desired for a given tin -house practice, but in general 
the grooves on the top set of rolls are shallower than 
on the middle set. The heavier the coating desired, the 
deeper is the grooving. As previously mentioned, the 
roll brushes also play an important part in the control 
of coating weight and coating distribution. 

HOT-DIPPED TIN PLATE COATING WEIGHTS 

The following is a quotation from American Iron and 
Steel Institute Steel Products Manual “Tin Mill Prod- 
ucts,” July 1954, with the table number altered to con- 
form to present text: 

“There are several classes of hot dip tin plate which 
are designated by terms that have been used since the 
early days of tin plate manufacture. The distinction 
between classes is based upon a difference in the weight 
of tin used to produce a base box of tin plate. This 
weight, by custom, is referred to as tin pot yield and 
reflects the total weight of tin used in the manufacturing 
operation. The actual average weight of tin coating on 
the plate is less than the pot yield for each class due to 
unavoidable losses of tin in the tinning operation. 

“On hot dip tin plate, the coating is mechanically dis- 
tributed over the plate surface by tinning rolls. Due to 
the nature of the hot tinning operation and the elevated 
temperature of the tin metal it is not possible to control, 
within close limits, the tin coating weight on individual 
plates and from plate to plate. 

“Coke Tin Plate, other than Best Cokes and Kanners 
Special Cokes, did not carry a specified coating weight 
prior to the second World War. The necessity for the 
conservation of tin caused the United States Govern- 
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ment to issue restrictions on the amount of tin to be 
used on tin plate. Federal Material Orders were promul- 
gated which limited the amount of coating on hot-dipped 
tin plate on the basis of pot yield, and later orders stated, 
‘coating shall be determined on the basis of pot yield, 
in the case of hot dipped tin plate.* The orders limited 
the pot yield, or the amount of tin consumed in the 
manufacture of hot dip tin plate, requiring that the 
over-all average must not exceed 1.25 pounds per base 
box for 1.25 pound coke tin plate and 1.50 pounds per 
base box for 1.50 pound coke tin plate, now customarily 
designated as Common Cokes and Standard Cokes, re- 
spectively. 

“The tin coating weight test values shown in Table 
37 — n are the minima which one may expect to en- 
counter when the plate is tested according to the proce- 
dure recommended under Sampling. Experience has 
shown that the average tin coating is substantially 
higher than these values. Typical tin coating weight 
distribution data are contained in Report of Industry 
Survey of Coating Weights of Hot Dip Tin Plate, Con- 
tributions to the Metallurgy of Steel, No. 39, April 1952, 
published by the American Iron and Steel Institute. 
Production control test records indicate that over an 
extended period the average coatings on Common Cokes 
and Standard Cokes will approach 1.10 and 1.35 lb. per 
base box, re.spec lively. Due to limitations of the process, 
those averages cannot always be maintained in the pro- 
duction of specific items. 

“The coating weight in localized areas on occasional 
plates, as determined by spot samples selected in the 
manner described under the recommended sampling 
procedure, varies as much as 0.25 lb. per base box under 
the values shown in Table 37 — II. Exceptional instances 
of even lower coated areas sometimes occur. 

“Other classes of coke tin plate carrying heavier coat- 
ings, as shown in Table 37 — II, are Best Cokes and 
Kanners Special Cokes. 

“Charcoal Tin Plate — ^The distinguishing characteristic 
of charcoal tin plate is higher luster, due to heavier 
coatings, and these in the order of their increasing 
weights are designated: lA and 2A. Coating weight test 
values for these classes are shown in Table 37 — II. Char- 
coal tin plate is used in the manufacture of articles, the 
appearance of which is an important consideration, and 
where greater resistance to corrosive conditions is req- 
uisite. 

Tabic 37 — ^11. Coating Weights of Standard Grades of 
Tin Plate 


Minimum 

Average 

Coating 

Cla.ss Dt?signalion \^ight 

Test 

Value 

(Pounds per 
base box) 


Common Cokes (1.25 lb. per base box 

pot yield) 0 85 

Standard Cokes (1.50 per base box 

pot yield) 1.05 

Best Cokes 1.19 

Kanners Special Cokes 1.40 

lA Charcoal 1.80 

2A Charcoal 2.30 

3A Charcoal 2.80 

4A Charcoal 3.50 

5A Charcoal 4.20 

Premier Charcoal 4.90 


“Silver Tin — Silver tin has a dull surface, the base 
plate of which has been mechanically roughened and 
which carries a heavy tin coating of no specific weight. 

“Sampling — When coating weight check tests are con- 
ducted on a shipment of any specific item of hot dip tin 
plate, based on experience the following procedure is 
recommended. 

“One plate is taken at random from each 50 packages, 
with a minimum of three sample plates, each taken from 
different multi-package units from any one item of a 
specific shipment. Each sample is spot-tested at three 
positions taken on a diagonal across the plate. Spot 
samples are customarily discs or squares, each of 4 sq. 
in. area. In order to secure representative samples they 
arc taken so that the outer edge of the sample is at least 
one inch from any edge of the plate. The average value 
of all spot tests on all plates tested represents the average 
coating weight test value. 

“Experience has revealed significant variations in test 
results. The variations arise in part from the use of 
different tin coating determination methods, and they 
are also affected by the personnel and techniques of the 
testing laboratories. The significance of test results and 
comparison of them with check test re.sults depend also 
on close control of sample locations on the plates tested 
For such reasons great care should be exercised in mak- 
ing the tests as well as in the interpretation of the results 
of those tests. (End of quotation) .'* 

Heavy-Gage Tin Plate — For the heavier gages, a 
longer sweep is necessary in passing through the pot 
to avoid pronounced “bowing” or “breaking” of the 
plate and for this purpose, a “hillside” machine is usually 
used. In this design, the tinning rolls are positioned at 
an angle (approximately 45 degrees) rather than one of 
them being directly over the other, and more liberal 
radii of curvature are employed on guides and aprons 

Manufacture of Charcoal Tin Plate— In order to pro- 
duce the heavier coated charcoal plate, it is necessary 
to modify the tinning equipment in such manner that 
the tinning rolls carry more metal. This is accomplished 
in a conventional machine by replacing the bru.shes on 
the top or top-and-middle rolls with pans. Tin is supplied 
to these pans by ladling or pumping molten metal into 
them; the bottom of the rolls revolving in the tin. These 
rolls have grooves up to 0.008 inch deep. 

Assorting of Hot-Dipped Tin Plate— After the tinning 
operation, the coated sheets must be inspected and 
classified. Individual standards for a given grade and 
application may vary somewhat, but the general classi- 
fications are (1) primes, (2) seconds, (3) menders, and 
(4) waste- waste. These classifications are defined as 
follows: 

1. Primes are tin plates free from defects readily 
observed by the unaided eye. 

2. Seconds are tin plates having imperfections in 
moderate degree or extent. 

3. Menders are those tin plates having imperfection.s 
in coating, which product, upon recoating, will 
produce either a “prime” or “second” quality 
sheet. 

4. Waste- waste are tin plates which, either through 
imperfections of coating or base metal cannot be 
recoated to produce a “prime” or “second” quality 
sheet. 

The plates from the tin stack pilers are inspected visually 
on both sides for various base-metal surface defects, 
tinning defects and handling damage. During the as- 
sorting operation, the product is checked for individual 
sheet weight and commercial flatness. The assorters soon 
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develop a high degree of skill in detecting slight differ- 
ences in weight and recognition of surface defects as 
they handle individual sheets. In recent years some 
semi-automatic assorting machines have been installed. 
By the latter method, the individual plates travel on belt 
conveyors by an inspection station and are automatically 
turned over to permit two-side inspection. In the manual 
assorting operations, the same end is accomplished but 
the assorter must turn over every plate by hand and 


properly classify it at the same time. Each assorter main- 
tains separate bins for menders and waste-waste, but 
most hot-dipped tin plate orders permit the inclusion 
of primes and seconds together. Hence, these two quality 
classification types are placed in the same pile after 
classification. Following tl\e assorting operation, the 
prime and seconds plates are “reckoned” or counted 
individually, packaged in containers as specified by the 
customer, tagged, wired and shipped. 


SECTION 6 

ELECTROLYTIC TIN PLATE 


Introduction-Prior to 1937, all tin plate produced 
commercially was manufactured by the hot-dipping 
process. While the electro- deposition of tin on steel had 
been a known process for many years, its application to 
the production of tin plated sheets could not be made 
to compete economically with the hot-dipping process 
due to much higher equipment and labor costs. How- 
ever, with the introduction to the sheet and tin plate 
industry of continuous cold-reduction mills in the early 
1930’s, the possibility of continuous high-speed electro- 
tinning became obvious. As early as 1935, small experi- 
mental units were designed and constructed capable of 
continuously electroplating tin on steel strip moving at 
relatively high speeds. From the results of these studies, 
electrolytic tin plate appeared on the market as a com- 
mercial item in 1937. 

The early development of electrolytic tin plate was 
given a major impetus by the requirements of the dry 
package market for a light-coated product which could 
not be produced by the hot-dip process. The precipitous 
necessity to conserve vital tin during World War II re- 
sulted in a phenomenal expansion of this development 
so that by 1948 over half of the tin plate produced wn.s 
light-coated electrolytic tin plate and by 1955 it was 
80 per cent. 

The superiority in tin coating uniformity which elec- 
trolytic tin plate exhibits as compared to hot- dipped tin 
plate, together with the close control of tin coating 
weight which is obtained, has resulted in large savings 
of tin. 

Basic Principles of Elcctrotinning — To the famous 
English scientist, Michael Faraday, belongs the credit for 
placing electrochemistry on a quantitative and orderly 
basis. In 1833, he postulated certain laws which today 
bear his name and which can be summarized as follows: 

1. In any electrolysis, the quantities of materials liber- 
ated at the electrodes bear a direct relationship to the 
quantity of electricity passed through the system. 

2. An equal number of equivalents of substances arc 
set free by the same quantity of electricity. 

It can be seen from a study of these laws that tin 
plating can be controlled when the electrode reactions 
are known. Electrotinning can be accomplished with 
acid or alkaline electrolytes. 

In the acid processes the anode reaction consists of 
direct oxidation from metallic tin to the bivalent stan- 
nous ion with the liberation of two electrons as follows: 

Sn** Sn++ -I- 2e 

The reaction is usually 100 per cent efficient, thus 
making the quantity of tin driven into solution directly 
proportional to the electrical energy used. The reverse 
reaction takes place at the cathode, 

Sn4"f + 2e-> Sn* 


thus causing metallic tin to be deposited on the cathode 
which, in electrolytic tinning lines, is the moving steel 
strip. The cathode reaction may be 100 per cent efficient 
or it may be somewhat less. The latter condition is de- 
sirable since the resulting tin build-up in the solution 
eliminates the necessity for additions of tin salts when 
solution losses occur. The use of organic addition agents 
in acid baths appears to be essential to the production 
of dense adherent tin deposits. While such agents may 
lower the operating cathode efficiency somewhat, the 
efTect is slight. 

There arc several successful acid baths used for elec- 
Irotinning, among them being the phenol-siilphonic acid 
bath, the fluoride-chloride bath, the fluoborate bath and 
the sulphate bath. In each of these the electrode re- 
actions are the same. Additions of acid are commonly 
made to raise the conductivity of the electrolyte and 
thus lower the plating power consumption. 

The electrode reactions which take place in the alka- 
line baths are somewhat complex. The over-all effects 
are well known, however, thus permitting satisfactory 
control of the deposition. The not reaction at the anode 
is to oxidize tin from its metallic slate to the quadri- 
valent stannic condition, as follows: 

Sn® = Sn+4 f 4e 

It will be noted that four electrons must be liberated 
to drive an atom of tin into solution in this process as 
compared to two electrons in the acid process. This 
means that twice as much electric current is required 
to dissolve one pound of tin. It must be emphasized that 
the anode reaction shown above is an over- all effect 
since the actual mechanism at the anode indicates the 
formation of intermediate tin compounds during the 
transfer process. This complexity of the tin anode re- 
action in the alkaline stannate process limits its operat- 
ing current density and thus necessitates the use of large 
plating areas to achieve high operating speeds. 

At the cathode (steel strip) the tin is reduced again 
to the metallic condition with the absorption of four 
electrons per atom: 

Sn+f++ 4e — Sn® 

When operating temperatures are kept above 200 ® F, 
the electrode efficiencies of the alkaline processes are 
quite close to 100 per cent. 

Commercial Electrolytic Tinning Equipment — The 
equipment used for the production of electrolytic tin 
plate in no way resembles the more common electro- 
plating equipment seen in most plating shops. The com- 
plex and bulky machinery required to handle the heavy 
steel coils and the fast moving steel strip itself is much 
more expensive and usually takes up more space than 
the plating unit pr6per. 

Figure 37 — 3 is a schematic diagram of the equipment 
used in United States Steel Corporation units. An actual 
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Fig. 37—4. Close-up view of the plating unit of a sulphonic acid electrolytic tinning line, with melting tower immediately 
behind in right center background. 


installation is shown in Figures 37 — 4 and 37—6 through 
37 — 9. The electrolyte used is a solution of stannous sul- 
phate and phenolsulphonic acid, capable of carrying cur- 
rent densities up to 400 amperes per square foot or 
more at cathode efficiencies of 95 per cent or better; such 
operating conditions permit the use of relatively small 
plating tanks. The alkaline stannate units, also in wide 
use, are basically similar in design but require consider- 
ably larger plating units. This difference in design is 
necessary because of the low current density limit of the 
alkaline bath, which is usually a solution of sodium 
stannate and sodium hydroxide. The alkaline electro- 


lytes in general operate at current densities up to 60 
amperes per square foot. 

Tlie third common type of electrotinning line makes 
use of an acid halogen type electrolyte and is so con- 
structed that the bottom side only of the strip is plated 
in horizontal baths during its travel through the unit. 
The plating section of the line is composed of many 
individual plating tanks with tin anodes resting on the 
bottom of each. The horizontal tanks are set one above 
another. As the strip leaves a lower tank and passes over 
a roller guide to reverse its direction of travel and enter 
the tank at the next higher level, what was the bottom 


Fig. 37—5. Side-trimming 
unit that prepares cold- 
reduced, annealed and 
temper-rolled coils of 
fUt steel for electrol 3 rtic 
tinning by removing ex- 
cess material from side 
edges to produce strip of 
exact desired width. An 
air-operated shear fol- 
lowing the side trimmer 
cuts off the crop ends of 
coils preparatory to 
seam welding of succes- 
sive coils together to 
form larger single coils 
weighing up to 30.000 lb. 
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Fic. 37-"6. Entry end of an electrolytic tinning line, with one uncoated coil being paid off into the line and another in re- 
serve position. The trailing end of the coil being fed will be welded to die leading end of the reserve coil (after squar 
ing in the shear) to provide a continuous feed to the line. 


surface of the strip becomes the top surface. Thus, the 
strip is reversed on each plating level to permit even 
deposition on each surface of the strip. Current densities 
vary from 50 amperes per square foot upward. 

Regardless of the type of plating unit used, the steel 
strip for manufacturing electrolytic tin plate is similarly 
prepared. The strip itself is manufactured as described 
elsewhere; that is, it is hot rolled from slabs, continu- 
ously pickled, cold reduced, electrolytically cleaned, 
box or continuously annealed and temper rolled. In box 
annealing, a protective deoxidizing atmosphere is used 
to insure a uniform, bright surface and the temper rolling 
operation is carefully controlled to maintain this condi- 
tion. At this point in the processing, strip for electro- 
tinning takes a different course than that for hot-dipped 
tin plate as the retention of a long, uninterrupted unit 
of strip is needed for the success of the operation. Ac- 
cordingly, the coiled temper-rolled strip is usually de- 
livered to the side trimming units (Figure 37 — 5) where 
it is uncoiled, run through pairs of rotary knives and 
recoiled. The rotary knives are adjustable in such a 
manner that the strip can be very accurately side 
trimmed to the width ordered by the customer. It is 
general practice to adjust the slab selection and hot- 
rolling practice to obtain about % inch protective over- 
width on the process strip which is removed at these 
slitters. In some instances, this strip side trimming is 
done after tiiming in a separate shearing operation. In 
many plants where the strip is trimmed before coating, 
lap welding equipment is included in the side trimmers 
to permit welding several coil units together and thus 
provide a continuous section of steel strip for plating, 
up to six or seven miles long. In other plants, the side- 
trimming operation is performed in the electrolytic 
tinning unit itself. 

The entry end of an electrolytic line is usually so de- 
signed as to provide two uncoilers in line (Figure 37—6) . 
This permits the operator to “pay off' from one uncoiler 
whUe charging a coil into the other. Electrolytic tinning 
units do not require any special type of unreeling equip- 
ment and either the conventional cone or expanding 


types are in use. All of the auxiliary uncoiler equipment 
such as brakes, forward and reversing drives, hydraulic 
lifts, and strippers are usually to be found on all units. 

In preparing a coil for processing, the lead edge of the 
strip is manually engaged in a set of small pinch rolls 
which can be opened and closed by air pressure and 
which are usually motor driven. The function of these 
rolls is to permit the operator to advance the lead edge 
of a new coil into the welding assembly. This welding as- 
sembly consists primarily of an up-cut shear, a lap 
welder, and a set of large pinch rolls. 

It is desirable to maintain a high strip speed in the 
plating baths, so facilities are provided to join fresh coils 
to the strip without reducing line speed. As the coil in 
process is being unrolled, the operator takes care that the 
maximum amount of strip is contained in the looper 
located just after the large welder pinch rolls. When the 
last several wraps of the coil imwind from the uncoiler 
in use, the operator stops the large welder pinch rolls, 
“trues-up” the tail end of the coil with the up-cut shear, 
moves this tall end into welding position with the head 
end of the new coil, welds the two together and starts the 
welder pinch rolls into motion. All this must be done be- 
fore the strip previously stored in the looping unit has 
been completely used. The welder pinch rolls are then 
run at some speed greater than line operating speed to 
refill the loop at which point automatic electrical devices 
slow these rolls back to synchronism with the rest of the 
unit. Since these looping units are usually designed to 
accumulate 300 to 500 feet of strip, it is obvious that the 
welder operator must act rapidly in order not to slow a 
line operating at 600 feet per minute. These loopers may 
be a “tower” type, a “pit” type, or a combination of the 
two. The “tower” type looper, as its name indicates, is 
constructed predominantly above ground and usually 
consists of fixed and movable sets of rolls over which the 
strip is passed. The top set of rolls moves down or up, 
depending on whether strip is being expended from or 
accumulated in the equipment. The “pit” t 3 q>e looper 
consists of a deep pit in which hangs a long catenary of 
strip. 
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From the looper the strip enters the main process sec- 
tion of the line. In the acid lines, the process section usu- 
ally consists of a dynamic tension device (often called a 
tension bridle) , an alkaline electrolytic cleaner, a rinsinit 
unit, a pickier, another rinsing unit, a plating unit, a 
third rinsing unit, a fusion unit, a quench tank, a chem- 
ical treating unit, a fourth rinsing unit, a drying unit, 
an oiling unit, a drive or pull-through bridle, and finally 
a set of recoilers or a shear or both. The alkaline lines 
have the same sequence of units except that the alkaline 
cleaner is not part of such lines inasmuch as the alkaline 
plating bath itself does sufficient cleaning. 

The function of the tension bridle is to produce suffi- 
cient drag on the strip to maintain a positive strip tension 
throughout the line. It consists of a series of rolls, some 
of which may be pinch rolls, through which the strip 
passes out of the looper. These rolls are usually geared 
together and to a generator. By controlling the field 
voltage on this generator and “shorting out*' the arma- 
ture through a resistance, a controllable drag can be ap- 
plied to the strip through the geared rolls. 

In the acid electrolyte units, the strip passes from the 
drag bridle to the alkaline electrolytic cleaners. In some 
lines these cleaners are of conventional design, with 
horizontal electrodes as described in the section on the 
electro-cleaning of cold-reduced strip. In other lines, 
vertical units arc used. Current densities in these imits 
vary from 50 to 300 amperes per square foot. The clean- 


ing solutions are alkaUne detergents. Strip polarity may 
be either anodic or cathodic since it is found that both 
conditions yield good cleaning performance. 

The strip passes from the alkaline cleaner into a rins- 
ing and scrubbing unit. Its function is to remove all 
alkali from the strip in preparation for the pickling 
operation. This rinsing unit is usually comprised of water 
sprays pla 3 ring on both sides of the strip and of rotary 
bristle brushes which rotate vigorously against the strip. 
There is a trend toward the use of high-pressure water 
sprays and the elimination of brushes in such units. 

The strip pickling units, which are used on all electro- 
lytic tinning lines, may be of the hot immersion type or 
of the cold electrolytic type. The immersion type usually 
consists of a large rubber- or brick -lined tank through 
which the strip passes vertically or horizontally. These 
tanks are filled with hot sulphuric acid of a strength 
varying up to 12 per cent and the pickling time is regu- 
lated by the operating strip speed. The electrolytic 
picklers are usually small units as the control of pickling 
is maintained by regulation of the electric current. These 
units are built similar to the alkaline cleaning tanks and 
the electrical circuit is also similar; the strip may be 
alternately anodic and cathodic, assuring effective sur- 
face cleaning. After pickling, the strip is again rinsed in 
a unit similar to the one used after the alkaline cleaner 
and enters the plating tank. 

As explained earlier, the main difference in the vari- 


Fig. 37 — 7. Tin anode being 
placed in the plating 
tank of an electrolytic 
tinning line, with other 
anodes lined up await- 
ing placement. 
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ous electrol 3 rtic tinning units lies in the type of electro- 
lyte used; hence, the type of plating tanks used. The unit 
used in phenolsulphonic acid lines is designed for opera- 
tion at high current densities and consists of four vertical 
compartments in each of which the strip passes over 
metal contact rolls and down into the electrolyte be- 
tween banks of tin anodes. (A fifth compartment in line 
with the four plating tanks and identical in appearance 
plays no part in the plating operation but merely collects 
the solution dragged out of the plating system.) Thus, 
the current can be considered to pass from the tin anodes 
through the solution to the strip and up the strip to the 
metal deflector rolls which act as the negative contact 
of the system. By such a circuit, the tin is deposited from 
the solution onto the strip and is also equally driven into 
solution from the anodes. The tin anodes consist of tin 
bars which, for example, may be 3 inches by 4 inches in 
cross section and approximately six feet long, weighing 
close to 200 pounds each (Figure 37 — 7). The life of the 
individual anode depends on the quantity of electric cur- 
rent passing through it. The electrolyte is constantly re- 
circulated through the plating tanks after passing 
through a settling tank and several water coolers. The 
temperature of the bath is generally maintained at about 
100 * to 120 ® F. All of this equipment must of necessity 
be constructed of corrosion-resistant materials and care 
must be taken to provide sufficient insulation in the sys- 
tem to prevent electric current leakage. Generating 
equipment capable of developing 45,000 amperes at 8 
volts has been a typical installation. 

The alkaline-type plating bath, while essentially of the 
same basic design, requires much greater floor space 
than the acid type. Inasmuch as alkaline stannate baths 
are operated at temperatures in excess of 200 * F, no re- 
circulation of the electrolyte for cooling is necessary. 


These plating tanks are fabricated as a single large unit 
with contact rolls placed at the top of the tan^ and 
rubber deflector rolls placed in the bottom. The tin 
anodes iised in the alkaline units are usually very large 
slabs of tin hanging under and between the contact rolls. 
These slabs are large enough to allow several weeks of 
operation before replacement is necessary. Alkaline lines 
are provided with up to 90,000 amperes at 10 volts, with 
current densities of about 45 amperes per square foot 
permitting strip speeds up to 600 feet per minute on half- 
pound coatings. 

The third type of imit (halogen) consists of a series 
of small cells, each with its own circulation system, con- 
tact roll and anode bank. These tanks are so designed 
that the strip is barely immersed in the electrolyte and 
is plated on the bottom side only. After passing through 
a number of these units, the strip is deflected upward 
and backward so that the original top of the strip now 
becomes the bottom. It then passes through another 
series of similar plating cells until an equal amount of 
tin is deposited on this side of the strip. The halogen type 
electrolyte used exclusively in these units is constantly 
recirculated through the cells, cooled and filtered during 
its circulation. The tin anodes used in the individual cells 
resemble regular pigs of tin and rest on side supports 
just under the strip pass line. Halogen lines have been 
designed for strip speeds greater than 2000 feet per min- 
ute. Generator capacity exceeds 100,000 amperes at a 
voltage of from 8 to 10 volts. The current density used is 
approximately 300 amperes per square foot. 

The plated strip, regardless of plating process, is now 
freed from the dragout and rinsed in pure water or con- 
densate. The electrolyte which is dragged into this wash 
water is all or in part returned to the plating tank. To 
accomplish this, drag-out recovery systems varying 



Fw. 37—8. General view of an electrolytic ti nnin g line, looking toward the entry end and diowing the melting tower in the 
center foreground. 



643 


TIN PLATE 


from complex recirculation and evaporation systems to 
simple counter-current rinsing with partial recovery are 
used. Too much emphasis cannot be placed on the neces- 
sity for efficiently recovering the dragged-out electro- 
lyte since solution losses from this source can be enor- 
mous at high speeds, reaching as much as 30 gallons per 
minute. 

The tin coating, as it emerges from the plating bath, 
is grey-white and semi-lustrous. It does not in appear- 
ance resemble tin plate as it is commonly known. While 
some attempts have been made to plate bright tin coat- 
ings, no commercially successful developments of this 
type are at present practiced. Instead, it is universal 
practice to melt and quench the electrodeposited tin 
which gives it the brilliant luster typical of hot-dipped 
plate (Figure 37—8). 

There are three types of units in which this tin fusion 
is accomplished. They vary only in the source of heat 
and not in basic construction. One of these melting units 
makes use of electrical resistance heating. The strip is 
run in a vertical loop between two contact rolls, the sec- 
ond of which is partly immersed in water. These two 
contact rolls form the terminals of an alternating- 
current circuit in which the strip is the closing resist- 
ance. Thus, by regulation of the current flow through the 
strip (or applied voltage) it is possible to bring the 
plated strip up to 450 ® to 455 “ F just prior to passage 
into the water. The maximum temperature to which this 
strip can be heated falls in a very narrow range bccau.se 
excessive heating causes discoloration of the product 
and/or high iron-tin alloy, whereas insufficient heating 
naturally results in failure to melt. A second type of 
melting unit utilizes high-frequency induction for mclt- 
mg. In this unit, the strip passes down and through a 
water-cooled copper coil on which is impressed a high- 
frequency voltage. The induced eddy currents in the tin 
plate strip cause it to heat up with resulting fusion of 
the tin coating. Control is again exercised by voltage 
variations on the induction coil terminals. The third type 
of melting unit in commercial use is gas-heated and 
equipped with special ceramic burners which radiate 
controlled amounts of heat to the strip. Control on such 
units is exercised by lateral movement of the burner 
banks, closer to or farther aw«ay from the strip, depend- 
ing on whether more or less heat is required. Further 
limited control is available by regulation of the gas 
supply to the unit. As in the other units, the strip is 


quenched directly after fusion of the tin is accomplished. 

The fused and quenched coating is now given a Aiming 
treatment which may be either chemical or electro- 
chemical, as described later in this section. After such 
treatment, the tinned strip is rinsed with clean water and 
is dried either by blasts of hot air or high-pressure 
steam. 

Unlike hot-dipped tin plate, the electrolytic plate is 
not oily as it emerges from the coating operation; hence, 
it is necessary to deposit a controlled oil film on the 
product in order to improve its handling properties in 
succeeding operations. The oil used Is usually cottonseed 
(synthetics such as dioctyl sebacate, DOS, are also find- 
ing favor) which is applied in several ways. Two oiling 
methods now widely used on electrolytic tinning units 
are the emulsion and electrostatic processes. The first of 
these consists of passing the strip through a bath or a 
spray of unstable oil emulsion. Control of the resulting 
oil film is exercised by emulsion composition and operat- 
ing temperature. After exposure to tlie emulsion the 
strip passes through wringer rolls, is rinsed and dried 
and passes into the pull-through bridle ready for recoil- 
ing or shearing. The electrostatic method of oiling strip 
makes use of a high potential between the strip and a 
fixed electrode which creates a powerful electrostatic 
field around the moving strip. Into this electrostatic field 
is allowed to rise vaporized palm or cottonseed oil. Since 
such vapors consist essentially of charged particles, they 
are deflected onto the strip by the proper adjustment of 
strip polarity. Despite the relative complexity of the 
equipment, these oiling units operate very satisfactorily 
and economically. 

The strip next enters the imit which supplies tractive 
power to the strip to pull it entirely through the elec- 
trolytic line. This piece of equipment is called the “pull- 
through” or drive bridle. It actually does the pulling of 
the strip through the process section and is the basic 
unit with which the plating current and both entry and 
delivery ends are synchronized. The equipment itself is 
usually quite similar to the tension bridle described 
elsewhere in this section. However, instead of a drag 
generator being geared to the rolls, they are coupled 
with a powerful motor which is sufficiently large to pull 
the strip through the whole process section at high 
speeds. A tachometer generator attached to this motor 
provides the impulse to regulate the plating and melting 
currents in required relation to strip speed. 



Pic. 37—9. Discharge end of an electrolytic tinning line, riiowing sheared-plate pilers (left) and inspector. 
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A great many of the tinning units currently operating 
are provided with loopers and two recoilers on the de- 
livery end into which the strip passes from the drive 
bridle. Such an assembly performs in a reverse manner 
to that of the entry end previously described. The looper 
acts strictly as a strip accumulator. It normally operates 
with a minimum length of strip between rolls so that 
it is capable of accumulating strip at line speed while re- 
coiler switching is underway. As soon as this switch is 
made, the operating recoiling unit speeds up until the 
loop is absorbed, at which time it automatically falls into 
synchronism with the processing section of the line. The 
coil of coated product is discharged from the inoperative 
recoiler and sent to the conventional shearing imits 
where it is sheared to size, oiled (if not so treated in the 
electrolytic unit itself), assorted, counted and piled. At 
least one modem line is now provided with both flying 
shears and quick-change coders. The latter need to be 
used only for product which is .shipped to the customer 
in coils, and are not preceded by a looping device. 

In those units where flying shears only are included 
in the equipment assembly, no “loopers” are necessary. 
Instead, a very small catenary is maintained immedi- 
ately in front of the shear in order that perfect guiding 
into the shear knives can be accomplished. Failure to 
guide properly into a shear results in miscutting and 
“out-of-square” sheets. The flying shears themselves are 
conventional units for light-gage-strip shearing, as de- 
scribed elsewhere in tliis chapter. There are some modi- 
fications, however, which should be mentioned. The most 
important ones concern the adaptation of these units for 
careful inspection, classification and counting of the 
product (Figure 37 — 9). 

The flying shears are equipped with four piling sta- 
tions and a system of conveyor belts which allows the 
deposition of sheets in any of these pilers at the will 
of the operator. 

In lines containing four pilers, all sheets containing 


perforations are accumulated in the first piler. Sheets 
containing bad surface defects and product which is out- 
side the accepted gage tolerances are accumulated in the 
second piler. The third piler is intended for disposition of 
sheets which, while not acceptable as prime product, 
contain only superficial coating defects. Such product 
is usually referred to as “menders” inasmuch as it is 
common practice to pass it through a hot-dip imit for 
conversion to hot-dipped tin plate (thus “mending” the 
product). The fourth or end piler is the so-called 
“prime” piler. As the sheet counter is located between 
the third and this prime piler, the product delivered into 
it is usually counted into ten-, twelve-, or fifteen- 
package bundles (1120, 1344 or 1680 sheets) ready for 
packaging and shipping. 

The methods of inspection and classification of electro- 
lytic tin plate on these flying shears are rather ingenious. 
Located somewhere after the melting unit is a non- 
contacting thickness gage. When the strip is too thick or 
too thin to meet specifications, the gage actuates an 
electronic memory device which rejects those partic- 
ularly heavy or light sheets at the second piler. Like- 
wise, a photoelectric cell continuously scans the coated 
strip and causes sheets with perforations to be deflected 
into the first piler. 

Trained inspectors are located at the pull-through 
bridle and the shear, respectively; they operate contact 
buttons which allow them to deflect at will any defective 
product they detect into the second or third piler (de- 
pending on product classification) and pass prime prod- 
uct into the fourth piler where the attendant sees that it 
is properly counted and that the shear operator is kept 
advised of the product flatness. 

Laboratory determinations are made regularly to de- 
termine the tin coating and oil film weights on the fin- 
ished product. Various laboratory controls of cleaning, 
pickling and plating solution characteristics are neces- 
sary. 


SECTION 7 

METALLURGICAL ASPECTS 


General — A fuller appreciation of the metallurgical 
aspects of tin plate may be had by considering it as a 
nine-layer sandwich (Figure 37 — 10), the layers of 
which consist of: 

1. Oil layer 

2. Tin oxide 

3. Free tin 

4. Tin-iron alloy 

5. Steel base 

Adaptability for a specific purpose may depend on the 
properties of a given layer. To illustrate, for a pressed 
part, such as a toy, the drawing characteristics of the 
steel base may be the controlling factor. In the case of 
electrolytic tin plate, the chemical filming treatment 
gives an oxide layer found beneficial for adhesion of 
lacquers and enamels. Similarly, tin plate must have an 
oil film adequate both to promote good “feeding” in 
automatic equipment and to prevent scratching during 
fabrication and yet not so heavy as to cause difficulty 
during roller coating with lacquers or printing inks. 
Thus, each layer requires adequate control for some of 
the applications. Generally, since the manufacture of tin 
plate is on a mass production basis, it is most economical 
to standardize on the optimum quality of each layer for 
total tin mill production. 

The Steel Base — ^The metallurgical controls of the steel 


6. Tin-iron alloy 

7. Free tin 

8. Tin oxide 

9. Oil layer 


base are similar to those employed for the production of 
sheet and strip and, hence, will not be elaborated on 
further. It is sufficient to point out that mechanical prop- 
erties of the finished tin plate depend on the composition 
of the steel, the heat treatments and the rolling opera- 



Fic. 37—10. Schematic enlarged cross-section of a sheet of 
tin plate, sliowing approximate relative thicknesses of the 
various “layers.” The approximate thickness in inches of 
the individual layers is as follows: 

Layer Thickness (In.) 


Oil film 
Tin oxide 
Tin 

Alloy layer 
Steel baM 


10-^ (0.0000001) 
10^ (0.0000001) 
10 ^ ( 0 . 0001 ) 
lO-* (0.00001) 
10-* (0.01) 
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Fig. 37 -11. Equilibrium diagram for the iron-tin system. 


lions. Inasmuch as the steel used is a low-carbon mild 
steel and as the usual hardening agents arc looked upon 
with disfavor because of their detrimental effect on cor- 
rosion resistance, as well as cost, strengthening by varia- 
tions in composition is limited to addition or control with 
respect to phosphorus and nitrogen. Phosphorus has 
been used in amounts up to 0.15 per cent but its use is 
limited to tin plates employed for non-corrosive food 
and non-food containers. 

Strength, or temper, is further controlled by regulating 
the amount of temper or “.skin-pass” rolling. The tin 


plate industry has adopted the Superficial Rockwell 
Hardness test as a control measure of the temper of the 
strip. This test is described elsewhere. 

As the major portion of tin plate is used for containers, 
the requirements of this application dictate most of the 
metallurgical considerations in the processing of the 
steel base. As will be pointed out more fully in a later 
paragraph, the corrosion resistance of tin plate to food 
products is an important consideration — and in this re- 
spect the production of steel sheet for tin plate differs 
from the production of sheets for other applications. 


Fig. 37—12. Illustrating, the 
rate of growth (increase 
in thickness) of the 
iron-tin alloy layer with 
increasing time of im- 
mersion of the steel base 
in molten tin at a tem- 
perature of 600 ® F. 
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Many factors aifect the corrosion resistance of tin plate» form the compound FeSn 2 , known as the eta (iy) 

but quality of the steel base is probably the most im- phase. 

portant. Besides the composition, the various processes, 3. FeSn 2 , or the eta M phase, which is stable l^low 

such as hot-strip rolling and the annealing after cold re- 925 ® F* (496 ® C) and does not react with tin to 

duction, are subjected to even closer control than woxild form a higher tin compound, 

be necessary from the standpoint of mechanical prop- 
erties alone. Inasmuch as tinning operations are always carried out 

The various cleaning and pickling operations, previ- at temperatures considerably below 925 F (496 C), it 
ously described, are also closely controlled so as to pre- follows that the alloy layer should contain both eta 
pare a suitable surface for subsequent coating with tin. (FeSn 2 ) and zeta (FeSn) phases. The results of X-ray 
The Tin-Iron Alloy Layer — When a clean steel surface diffraction studies and chemical analyses indicate that 
comes in contact with molten tin, a reaction takes place the compound FeSn 2 predominates, 
with the formation of a tin-iron alloy layer intimately It has been demonstrated that the amount of tin-iron 
bound to the steel surface. This alloy layer is quite thin alloy formed is a function of time and temperature. The 
(about 10 to 15 millionths of an inch) , in coke tin plate, initial formation is extremely rapid and subsequent 
Chemical analyses have shown the ratio of tin and iron growth is much slower (Figure 37 — ^12) . 
to correspond to the intermetallic compound FeSn 2 . The thickness of alloy can be determined by electro- 

The metallurgy of the tin-iron alloy has received con- stripping, by chemical stripping, by magnetic testing, or 
siderable attention by various investigators. The phase by metallographic cross -sectioning. The most commonly 
diagram for the iron-tin system in Figure 37 — 11 reveals used is the electrochemical stripping method. A 4-square 
that there are probably at least three compounds of tin inch sample is attached to a suitable holder and im- 
and iron. mersed in a 1 N solution of hydrochloric acid containing 

1. Fe 2 Sn, referred to as the epsilon (e) phase, which a carbon electrode and a silver — silver-chloride refer- 

is stable between 1400“ F (760“ C) and 1652° F ence electrode. The tin coating is stripped anodically at 

(900° C) but can, in the presence of sufficient tin, a constant predetermined stripping current. The poten- 

react at 1472° F (800“ C) to form FeSn or zeta tial difference between the specimen and the reference 

(C) phase. electrode is continuously measured by a potentiometer 

2. FeSn, or zeta (0 phase, which is stable at all recorder during the stripping operation. The slope of 

temperatures below 1472“ F (800“ C) but which this potential-time curve will change as the stripping 

reacts with excess tin below 925“ F (469“ C) to proceeds from the surface, to the alloy layer, to the base 



Fig. 37—13. Flux pattern on the surface of the steel base (interface of iron-tin alloy and steel) of commercial coke 
tin plate having a coating weight of 1.49 lb. per base box, after removal of both the tin and the iron-tin alloy. 
Magnification: SX. 



Fig. 37-— 14. Reversal of flux pattern in corresponding areas on opposite sides of a sample of commercial coke plate 
(coating weight, 1.32 lb. per base box) , showing steel surface (interface between iron-tin alloy and steel) after the tin 
coating and iron-tin alloy were removed. Magnification: 5X. 


metal. With proper cathode-anode geometry, the 
changes in slope occurring when the potential changes 
at the several interfaces are clearly discernible. The 
distances between the so-called end points, or points 
where the slope changes (measured parallel to the time 
axis), are measures of the thickness of the free tin and 
alloy layers. 

The alloy layer on tin plate has a very definite pattern 
according to the manufacturing practice. Hot-dipped tin 
plate produced with the use of a zinc chloride flux has a 
distinctive mottle shown in Figures 37 — 13 and 37 — 14. 
This pattern is the result of variation in thickness and 
crystal size of the alloy, the dark areas being thinner 
and finer grained than the light areas (see Figures 37 — ^15 
and 37 — 16). Electrolytic tin plate (melted) has a smooth 
fine-grained alloy layer similar to the dark areas in coke 
tin plate alloy layers (Figure 37 — 17) . Matte finish (un- 
melted) electrolytic tin plate does not have an alloy 
layer detectable by ordinary metallographic or chemical 
procedures. Heating matte finish plate at temperatures 
below the melting point of tin will result in formation of 
tin-iron alloy, the amount formed being dependent on 
the time and temperature. 

The alloy layer is important with respect to tin-plate 
quality, especially in 025 lb. per base box electrolytic 
tin plate, since an increase of thickness of the alloy layer 
results in a decrease of thickness of the tin layer and 
may result in soldering difliiculties. 

Physically, the compound FeSni is very hard and 
brittle and of itself cannot stand much bending. In com- 


mercial tin plate the alloy layer is very thin and is 
covered with a much thicker layer of ductile tin so that 
even sharp bending does not expose much of the base 
steel because the tin will bridge gaps in the alloy layer. 
With thick layers of FeSn 2 , bending will cause breaks 
through the tin. The crystallites in thick layers of alloy 
are produced only with prolonged heating at tempera- 
tures above the melting point of tin (450 ® F) . 

FeSn 2 crystals are also formed in the tin stacks by re- 
action of the molten tin with the equipment. This ac- 
cumulation is known as tin dross which is periodically 
cleaned out of the pots. The tin dross is heavier than the 
molten tin and settles to the bottom but, because of the 
agitation by sheets passing through, small particles may 
become imbedded in the tin coating, resulting in coating 
defects known as scruff. 

The Tin Layer— As seen in the photomicrographs, the 
tin layer is considerably thicker than the alloy layer. 
It is customary to estimate the thickness of the tin layer 
in terms of weight of tin per unit of area, rather than in 
terms of thickness measurements. Thus, coke tin plate 
will have on the average of 1.0 to 1.5 lb. of tin per base 
box, equivalent to 1.0 to 1.5 lb. spread over both surfaces 
of 31,360 square inches of steel. From the specific gravity 
of tin it is readily calculated that 1.0 lb. per base box of 
tin represents an average thickness of 0.00006 inch on a 
surface. The actual diickness at specific areas may vary 
considerably from the average. 

The weight of coating is usually estimated chemically 
by dissolving samples of known area in hydrochloric 






Fig. 37—15. (Above) Representative surface of iron-tin 
alloy layer on tin plate in dark areas, representing the 
interface between the iron-tin alloy and the tin of the 
coating, after removal of the tin portion of the coating. 
(Below) Representative cross-section through a dark 
area similar to that shown above, etched to show the tin 
coating and the iron-tin alloy layer. Magnification of both 
photomicrographs: lOOOX. 


acid under non-oxidizing conditions and titrating the 
stannous tin to stannic tin with standard iodine or iodate 
solutions. Analytical textbooks give details of the pro- 
cedure. Gravimetric stripping methods are also used but 
to lesser extent. Recent testing methods incorporate 
electrolytic methods for dissolving the tin followed by 
standard volumetric titrations. The tin plate from each 
producing unit is sampled periodically for tin coating 
weight. 

Electrolytic tin plates are produced to much closer 
tolerances with respect to tin coating weight than are 
possible for the hot-dipped tin plates. At present, com- 
mercial grades Include 0.25, 0.50, 0.75, 1.00 and 1.00-0.25 
lb. per base box and the spread in tin coating weight is 
usually within 10 per cent of the average. Electrolytic 
coatings are capable of fairly precise control, variations 
being due to fluctuations in current flow or variations in 
distance of the strip (cathode) from the individual tin 
anodes. 

Tin plate usually has a bright, lustrous, mirror-like 
surface. The luster varies somewhat with the surface 
finish of the steel base. Rough base finish will result in 
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poorer luster than smooth base finish. The luster is also 
affected by the thickness of the tin coating. Heavy tin 
coatings, as on charcoal tin plates, have bright luster 
irrespective of base metal roughness. The smoothness of 
the tin deposit on electrolytic plate also affects the luster. 

Mild etching of the tin coating reveals a spangle 
which may take a variety of shapes. This spangling is 
evident on the interior of all non-lacquered cans which 
have contained fruits or vegetables. The pattern can also 
be seen on unetched surfaces when viewed under 
polarized light. The size of the spangle is a function 
of the rate of quenching. Slow cooling produces a mas- 
sive grain or spangle whereas rapid cooling, as by water 
quenching in the electrolytic plating lines, produces a 
very small spangle. This is illustrated in Figure 37 — 18. 
The size of the spangle has no bearing on the quality 
of the tin plate. 

The tin coating, even when as heavy as 6 lb. per base 
box, is not continuous but has microscopic areas of ex- 
posed base metal. These areas of exposed base metal are 
known as pores. The porosity of tin plate has been the 
subject of considerable research and excellent methods 
for indicating the degree of porosity have been devel- 
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Fig. 37—16. (Above) Representative surface of iron-tin 
alloy layer on tin plate in light areas, representing the 
interface between the iron-tin alloy and the tin of the 
coating, after removal of the tin portion of the coating. 
(Below) Representative cross-section through a light 
area similar to that shown above, etched to show the tin 
coating and the iron-tin alloy layer. Magnification of both 
photomicrographs: lOOOX. 
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Fig. 37—17. (Above) Cross-section representative of com- 
mercial melted electrolytic tin plate (coating weight, 
0.56 lb. per base box), etched to show iron-tin alloy layer. 
(Below) Unetched surface of iron-tin alloy layer (inter- 
face between iron-tin alloy layer and tin coating) after 
removal of the tin portion of the coating shown above. 
The surface of the iron-tin alloy has a pebbly appearance, 
indicating that it is not of uniform thickness. Magnifica- 
tion: lOOOX for both photomicrographs. 


oped: details of the procedures are sununarized in Inter- 
national Tin Research Institute Bulletin, Series A, No. 7. 

W. E. Hoare reports that the total area of iron exposed 
in pores is only about 0.7 sq. mm. per square meter of 
surface. The satisfactory conrunercial service of tin plate 
for fruit containers shows that despite these minute 
pores, the tin coating has excellent protective properties. 
This will be discussed more fully under resistance to 
corrosion. 

The Tin Oxide Layer— An extremely thin oxide film is 
developed on tin plate immediately upon contact with 
the air as it emerges from the tin pot. At this stage the 
film is invisible. Depending upon the atmospheric con- 
ditions during storage this oxide film grows during long 
periods of storage. Experience has shown that areas of 
high humidity, such as adjacent to the Gulf of Mexico 
and on the West Coast, are the most critical in regard to 
expediting the natural growth of the tin oxide film. In 
the most severe cases the film becomes sufficiently thick 
to be visible. However, in the majority of instances the 
film is not visible until the baking operation which fol- 
lows lacquering or lithographing. The visible films arc 
very objectionable as they cause poor enamel adhesion 
and adversely affect solderability. 

Just as temper colors arc produced on steel surfaces 
by oxidation, so are varying colors developed on tin sur- 
faces. Initially, tin surfaces show only their character- 
istic metallic luster, but as the thickness of the oxide film 
increases, interference colors develop, beginning with 
yellow. As oxidation proceeds, the color changes from 
yellow through brown and purple to blue. Under ordi- 
nary conditions, the various shades of yellow and brown 
are the only colors noted. Occasionally, under severe 
baking conditions, purple may be noted. When such 
colors appear on tin plate, it is said to be “discolored” and 
is likely to be unsatisfactory for some purposes. Inas- 
much as the yellow color is most common, such films arc 
generally known as “yellow discoloration” or “yellow 
stain.” A further distinction is sometimes made, in that 
discoloration arising from baking operations is called 
“baking discoloration,” whereas discoloration developed 
during storage is known as “warehouse discoloration.” 

Another objectionable type of surface film is the 
“sulphide discoloration” or “process discoloration” 
which develops on the interior surface of tin cans as a 
result of the action of sulphur-containing foods. This 
discoloration is evidenced by brown, purple, blue or 
black areas, and the color is often imparted to food in 



Fig. 37—18. Effect of cooling rate on the comparative size of spangles produced on tin plate. Small-grain spangle at left 
resulted from rapid cooling (water quenching); larger spangle at right resulted from cooling at a slower rate (quench- 
ing in oU). 
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contact with the discolored surfaces. In the severest 
cases of sulphide discoloration, there are formed gelati- 
nous masses of yellow sulphide. Such masses often con- 
tain black iron sulphide formed by reaction of food 
sulphur with the steel base exposed at pin holes or de- 
tinned areas. Sulphide discoloration can be j»revented 
by coating the inside surface of the can with 2 .inc oxide 
impregnated enamel. 

Tin surfaces, along with surfaces of most common 
metals, begin to oxidize immediately upon exposure to 
air. Attempts have been made to generalize on the fact 
that the thin oxide films on some metals effectively in- 
hibit further oxidation of the base metal while others do 
not. Pilling and Bedworth (see “Bibliography” at end of 
chapter) concluded with considerable accuracy that an 
oxide may be protective when the ratio of the specific 
volume of the oxide to the specific volume of the metal 
is greater than unity. In the case of tin, however, with an 
oxide-metal volume ratio of 1.34, the classification fails 
when the service requirements for the normal oxide film 
on tin plate are considered. It is possible, nonetheless, to 
treat tin surfaces in such a manner as to produce oxide 
films which effectively inhibit further growth of the 
oxide. Such films also provide consideral »Ie resistance to 
the growth of sulphide films. 

The treatments for providing protectiv^e oxide films on 
tin plate may be divided into two classifications. First, 
there are the chemical treatments in which the plate to 
be treated is immersed in or sprayed with a treating 
solution. Such treatments generally require that the 
plate be in contact with the hot treating solution for 
periods of time in excess of five seconds. If only resist- 
ance to baking discoloration is needed, a short treatment 
is satisfactory. When the plate must resist yellow dis- 
coloration throughout long periods of storage or is ex- 
pected to resist sulphide discoloration, treatments of 30 
seconds or more may be required. The commercial solu- 
tions used for chemically treated tin plate contain 
chromic acid or an alkali salt of chromic acid. The 
chromic-acid treatment is the most common of the two 
and utilizes hot chromic acid at a concentration range 
of 0.50 to 1.00 per cent. 

The second type of treatment makes use of electro- 
chemical action. Cathodic treatments of one .second or 
less in a dilute solution of sodium hydroxide, sodium 
carbonate, trisodium phosphate or the like usually offer 
only slightly improved resistance to yellow discolora- 
tion. Cathodic treatment followed by anodic treatment 
in the same solutions provides further slight protection 
again, St yellow discoloration, but greatly enhances re- 
sistance to sulphide discoloration. Cathodic treatment in 
an acid or alkaline solution of a chromate produces a 
thin oxide film which is very resistant to baking dis- 
coloration but which may lack adequate resistance to 
warehouse discoloration and sulphide discoloration. 
Cathodic-anodic treatment in a chromate solution per- 
mits the formation of films which are very resistant to all 
types of discoloration and requires a treating time of less 
than one second for each step. The anodic portion of this 


liist treatment must be conducted at a low anodic current 
density, if good lacquer adherence is to be obtained. 

The Oil Film — It has been found necessary for tin plate 
to have a thin film of oil to permit feeding of sheets to 
fabricating equipment and to prevent scratching and 
abrasion during fabrication on automatic equipment. 
Too much oil, however, causes trouble if the tin plate is 
to be lacquered, because globules of oil immiscible in the 
lacquer film produce thin spots and uncoated areas. The 
oil, of course, must be edible since it comes in contact 
with food products. Palm or cottonseed oils are normally 
used, but recent trends are toward the use of synthetic 
oils such as dioctyl sebacate. Satisfactory oil films usu- 
ally are about 0.10 to 0.30 gram per base box in weight. 
This means an oil film less than ten molecules in thick- 
ness. To illustrate the minute thickness of this oil film, 
imagine spreading one teaspoon of salad oil uniformly 
over a wall 10 feet high and 2000 feet long. That is the 
equivalent of 0.10 gram per base box. 

In the hot-dipping method, the tin plate is initially 
covered with oil which is later mostly removed in the 
wet washers. The final oil film thickness on the sheets 
is controlled by the branner. The oil content of the wheat 
bran used as a polishing medium is maintained at the 
desired level by periodic addition of “oil mids,” which 
is bran to which has been added fresh palm or cotton- 
seed oil. In some mills the oil content of the bran is 
periodically determined by extraction with solvents and 
weighing the oil residue. The oil content of the bran 
required to deposit the required oil film on tin plate 
varies with the speed of tinning, as well as with the 
efficiency of cleaning of the wet cleaners. 

Application of Oil Films to Electrolytic Tin Plate— 
Electrolytic tin plate does not require cleaning as does 
hot-dipped tin plate but it has been found necessary to 
apply an oil film. Several methods have been tried com- 
mercially, including: 

1. Branning machines 3. EmuLsion oiling 

2. Spray oiling 4. Electrostatic oiling 

The first two methods have been largely supplanted by 
the emulsion oiling method and the electrostatic oiling 
method. Conventional branning machines did not oper- 
ate satisfactorily with the high line speeds in use. 
Emulsion and electrostatic oiling were discussed earlier, 
but will be briefly described here. 

In the emulsion oiling process, an acid-stable emulsion 
of either palm or cottonseed oil stabilized with an amine 
is sprayed onto the moving strip. Squeegee rolls spread 
the emulsion over the tin plate strip. The oil is deposited 
on the tin plate and the water phase is removed by the 
squeegee rolls. 

The electrostatic method utilizes a high electrical po- 
tential between a fixed electrode and the moving strip, 
which creates a powerful electrostatic field aroimd the 
strip. Vapors of oil are allowed to rise into this field and 
they are deflected onto the strip by proper adjustment of 
strip polarity. 


SECTION 8 

CORROSION RESISTANCE 


To a large degree the successful application of tin plate 
for containers depends on its corrosion resistance. Food 
products react with the tin coating and the base metal 
but the rate of reaction is generally sufficiently slow to 
permit fairly long storage or shelf life. The type of 
corrosion that takes place depends on the nature of the 


corrosive media. Thus, the corrosion problem can be 
divided into: 

A. Atmospheric Corrosion — trusting. 

B. Discoloration of the Interior of the Container, 
as by etching due to food acids, or blackening by 
food sulphides. 
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C. Hydrogen-producing corrosion by contents of 
cans giving rise to “swells” or hydrogen springers 
in which Uie pressure of the evolved gas bulges 
the ends of the cans, thereby making them un- 
merchantable. In some cases the cans may per- 
forate. 

Atmospheric Corrosion— Tin plate is very durable in 
dry air but all tin plate will rust eventually in the at- 
mosphere, especially when moisture is present. The 
amount of external rusting depends, in large measure, 
on the porosity of the tin coating and the resulting area 
of steel base exposed. Under conditions involving mois- 
ture and oxygen, the exposed iron behaves as an anode 
and the tin as a cathode (see Chapter 35, “Theory of 
Corrosion”). Increasing the thickness of the tin coating 
reduces the rusting, by reducing porosity. Rust resist- 
ance of tin plate can be somewhat controlled also by the 
nature of the tin oxide film. Treatment of tin plate in 
solutions of chromates and phosphates have been shown 
to minimize rusting but to date such treatments have 
not been developed sufficiently to permit commercial 
usage, at least in the United States. The composition of 
the steel base also has some bearing on rust resistance 
under certain conditions. Copper-steel base tin plate 
(low metalloid) showed less tendency to rust imder 
certain conditions. Silicon above 0.02 per cent in the steel 
has been shown to make tin plate very susceptible to 
rusting 

Hartwell has shown that silicon causes the formation 
of small cracks in the surface of the tin plate when it is 
fabricated into cans (see second Hartwell reference in 
‘ Bibliography” at end of chapter). 

Discoloration of the Interior of Cans — When foods rich 
in sulphur-containing proteins are packed in plain tin 
cans (that is, without lacquer) , it is generally noted that 
the inside of the can is stained purple, brown or black. 
This stain is tin sulphide and is in no way harmful. The 
usual method of preventing this type of corrosion is by 
lacquering, especially with zinc oxide impregnated lac- 
quers. The sulphur reacts with the zinc oxide to form 
zinc sulphide which is white and not noticed in the can. 
Sulphide blackening may also be prevented by a surface 
filming treatment as mentioned under the section dis- 
cussing the tin oxide layer in an earlier part of this 
chapter. 

In some mildly corrosive foods such as evaporated 
milk, localized detinning or dark staining may occur if 
the tin-oxide film is not soluble in the food product. 
For evaporated milk cans, some users prefer electrolytic 
tin plate either with no chemical treatment (NCT) or 
plate filmed cathodically. 

Non-chemically treated plate has limited storage 
stability because: of susceptibility to form yellow stains 
on aging, Cathodically treated plate has better storage 
stability. 

The etching o*' the tin plate by food products is no 
indication of spoilage. All food products react with tin, 
some very slowly and others more rapidly. Spinach and 
other greens, rhubarb and squash are rapid de-tinners. 
These products are frequently packed in lacquered con- 
tainers. 

Hydrogen-Producing Corrosion — The usefulness of tin 
plate for food-container manufacture depends largely 
on its resistance toward the formation of hydrogen 
“swells” or perforations. 

The corrosion of tin plate containers by food products 
is a complex problem and the state of our knowledge is 
still largely empirical. There are many factors affecting 
Ihe rate at which tin plate corrodes. Major factors in- 
clude; 


1. Type of food product. 

2. Packing procedure used in canning. 

a. The initial vacuum. 

b. The headspace volume. 

c. Use of inhibitors. 

3. The storage conditions. 

1. Food Product — Food can be roughly divided into 
three classes with respect to corrosiveness: 

Most Corrosive — ^This group includes the highly 
colored fruits and berries. They are generally 
packed in lacquered containers because tin has a 
reducing action on the anlhocyanin pigments which 
results in bleaching of the color. The acidity and 
pH (intensity of acidity) of the food product is no 
criterion of its corrosivity. In fact, corrosivity can 
often be reduced by adding an organic acid, as by 
adding lemon juice to dried prunc.s in syrup. 

Mildly Corrosive — This group includes the bland 
fruits such as peaches, pears, apricots and the citrus 
juices from grapefruit and oranges. The mildly cor- 
rosive fruits are generally packed in plain (not 
lacquered) tin cans. 

Slightly Corrosive — ^This group includes the vege- 
tables and meat products which normally do not 
produce hydrogen springers in the time required to 
merchandise the products. 

2. Food Packaging Procedure — The canning procedure 
is carefully controlled to pi-ovide maximum shelf life. 
Cans are sealed under a high vacuum to assure maxi- 
mum exclusion of oxygen because the presence of 
oxygen within the can markedly accelerates corrosion. 
A high vacuum is obtained either thermally or mechan- 
ically. In the former procedure the cans are sealed at as 
high a temperature as feasible, normally above 165 ® F. 
At this temperature, water has an appreciable vapor 
pressure so that the atmosphere immediately above the 
liquid level of the can is largely water vapor which 
displaces the air that would normally be present. Upon 
cooling the can, the contents shrink, increasing the 
headspace volume and thereby producing the vacuum 
within the can. Mechanical methods of vacuumizing in- 
volve evacuating the chamber of the sealing machine 
in which the cans are sealed by a vacuum pump or 
sucking the air out of the headspace of the filled can 
with a jet of steam passing over the end of the container 
at the moment of attaching the lid. Mechanical vacuum- 
izing eliminates preheating of the contents. 

The headspace volume also affects tlie rate of corrosion 
by acting as a hydrogen reservoir. Overfilled cans re- 
quire much less hydrogen to dissipate the Vcicuum and 
build up a pressure within the can than do cans with 
normal headspace. Slack filled cans, however, are pro- 
hibited by Federal statutes. 

Sulphur in very small amounts markedly accelerates 
corrosion of tin cans by certain products. Spray residue 
on the fruit or contaminated sugar have been found to 
be the source of sulphur responsible for rapid corrosion 
failures in some instances. 

3. Storage Conditions— The temperature of storage of 
packed cans profoundly affects the corrosion rate as, 
indeed, temperature affects the rate of most chemical re- 
actions. The higher the storage temperature the shorter 
is the pack life. Cans of fruit which would normally last 
four years at 70 * F might last only a year or less at 
100 ® F sustained storage. 

Characteristics pi Tin Plate Affecting Its Corrosion — 
The resistance of tin plate to corrosion by food varies 
considerably according to the methods of manufacture. 
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Fig. 37—19. Chart comparing results of prune-pack test on (upper left) can with black-plate 
end, and (lower right) similar can with black-plate end protected with tin wire, illustrat- 
ing cathodic protection of steel by tin under the conditions of the test. 


Extensive study by numerous investigators has helped 
to clarify many misconceptions as to the nature of the 
corrosive attack. Fundamentally, the corrosion of a tin 
can is the corrosion of the tin-iron couple. Tin of itself 
is quite corrosion resistant in weak organic acids in the 
absence of oxygen, either gaseous or in the form of 
oxidizing substances. Iron, on the other hand, is much 
more readily corroded by weak organic acids even in the 
absence of oxygen. Experiments in which tin is coupled 
to iron and immersed in weak acids in the absence of 
oxygen reveal that the corrosion of the iron is inhibited 
whereas the corrosion of the tin is accelerated. The tin 
protects the iron under such conditions. In the presence 
of oxygen or oxidizing agents the cell may be reversed 
and the corrosion of the iron is accelerated. 

It has been shown previously that the tin coating on 
tin plate is not continuous but contains numerous pores. 
In die region of these pores, local electrolytic cells are 
formed when the tin plate is in contact widi an electro- 
lyte. Depending on the electrolyte and the environment, 
either the exposed iron in the pores or the surrounding 
tin may behave as the anode. With normal conditions 
existing in a can, closed so as to have a minimum of 
oxygen, the tin generally behaves as an anode, protect- 
ing the exposed iron. Were this not so, cans would perfo- 
rate very rapidly at the exposed iron areas. Actually, tin 
cans have a remarkably long shelf life. 

An interesting experiment to illustrate the protective 
efficiency of tin consists of fabricating cans with the 
body and cover lacquered and the bottom end made of 
black plate. Such a can packed with dried prunes in 
syrup, sealed hot to eliminate oxygen, will withstand 
storage at 100 • F for about four weeks before bulging 
due to hydrogen evolution. A similar can, to which a 


pure tin wire grid so spaced as to have % inch spacing 
is tack-tinned to the black plate bottom, will withstand 
up to sixty weeks at 100 " F before bulging (see Figure 
37—19). 

The degree of protection given by tin varies with 
the nature of the steel base and also with the nature of 
the food product. 

Characteristics of the Steel Base Affecting the Cor- 
rosion of Tin Plate — The composition and methods of 
manufacture of the steel base are probably more impor- 
tant in controlling the corrosion resistance of the result- 
ing tin plate than any other factors. 

Hartwell, by means of experimental packs of corro- 
sive fruits in cans from many lots of tin plate, has shown 
that phosphorus, copper and silicon may have pro- 
notmeed effects on corrosion resistance, whereas, within 
the limits usually found in tin plate steel, the effects of 
carbon and sulphur are not of commercial significance. 
Phosphorus and copper have a profound effect on the 
service life of enameled (lacquered) cans and silicon 
is more effective with plain cans. Increasing amounts of 
phosphorus and silicon are detrimental to the service 
life of containers, while copper increases or decreases 
the corrosion resistance, depending on the product 
packed. The detrimental effects of copper usually appear 
more serious than the benefits derived from its presence. 
Therefore, tin plate made from a steel base low in phos- 
phorus (0.015 per cent maximum) , copper (0.06 per cent 
maximum) and silicon (residual) is desirable for the 
strongly corrosive products. 

Container manufacturers order tin plate according to 
the type of food product packed. The following grades 
are in general use; 

Type Lr— Cold-reduced open-hearth steel containing: 


TIN PLATE 
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Element 

Per Cent 
(Max.) 

Carbon 

0.12 

Manganese 

0.60 

Phosphorus 

0.015 

Sulphur 

0.050 

Silicon 

0.010 

Copper 

0.06 

Chromium 

0.06 

Nickel 

0.04 

Molybdenum 

0.05 


This is used for the most corrosive foods. 

Type MR — Cold-reduced open-hearth steel similar to 
Type L except that the phosphorus limit is increased to 

0.020 per cent, the copper limit is increased to 0.20 per 
cent and no tolerances are specified for nickel, chro- 
mium and molybdenum. This grade is used for mildly 
corrosive products. 

Type MC — Cold-reduced open-hearth or Bessemer 
steel similar to Type MR except that phosphorus limits 
are increased to between 0.04 and 0.15 per cent. This 
grade is used for noncorrosive products where strength 
of the container is the main consideration. 

There is increasing evidence that the manner of prep- 
aration of the steel strip for tinning may be as significant 
in controlling ultimate corrosion resistance as composi- 
tion of the steel. Fairly rapid quenching after hot reduc- 
tion and thorough annealing in dry, low-carbon and 
low-oxygen content atmosphere favor tlie highest cor- 
rosion resistance. 

In a tin can, the hydrogen evolved during pack .stor- 
age results primarily from corrosion of the iron and not 
from the corrosion of tin. Analyses of various food prod- 
ucts stored in plain unlacquered cans show up to 120 
parts per million of tin after about a year’s storage at 
room temperature. Tin pickup from lacquered cans is 
very much lower, averaging 10 to 30 parts per million, 
according to Hirst and Adam (see “Bibliography” at end 
of chapter) . The iron content of cans which have a good 
vacuum even after prolonged storage periods is invaria- 
bly low, less than 20 parts per million. In springers or 
hydrogen swells the iron content invariably approaches 
or even surpasses the tin content. 

Controlled experiments by a United States Steel Cor- 
poration research laboratory on rate of tin and iron 
pickup by dried prunes in water in plain cans have 
shown that at constant temperature the tin is corroded 
at a constant rate, or linearly with time. The rate of 
iron pickup, however, is not constant. During the early 
stages of storage there is little or no corrosion of the 
iron. After this induction period the iron goes into solu- 
tion at an increased rate and the can becomes a springer. 
The vacuum-loss curve of the can is similar in .shape 
and displacement to the iron pick-up curve. The length 
of the induction period varies with the corrosion resist- 
ance of the tin plate. Fast-corroding tin plates have a 
short induction period while slow-corroding tin plates 
have a long induction period. 

In essence, the metallurgical problem of improving 
corrosion resistance of tin plate resolves itself into 
methods of slowing down the attack on the steel base. 
This can be accomplished by: 

1. Improved quality of steel base. 

2. Heavier tin coatings. 

3. Coating with proper type of lacquer in certain 
cases. 

Effect of Tin Coating Thickness on Corrosion of Tin 
Plate— Increasing tin coating weights results in in- 
creased corrosion resistance in plain cans but not neces- 
sarily in lacquered cans. The corrosion of lacquered 


containers will be discussed in more detail later. The 
relationship between pack life and tin coating weight 
of hot-dipped tin plate has been difficult to establish 
quantitatively because of the variation in coating as well 
as the variation in behavior of different portions of the 
same sheet. With the commercial development of elec- 
trolytic tinning, it was possible to prepare test lots of 
accurately controlled tin coatings in various coating 
weights on adjacent portions of the same coil. Fruit pack 
tests (dried prunes in syrup) on such specially prepared 
lots show that above a certain minimum coating weight 
an increase in tin coating linearly increases the corro- 
sion resistance within the range tested. 

The slopes of the straight portions of the curves ob- 
tained for a large number of steels plated from different 
electrolytes are essentially equivalent. Similar curves 
for hot-dipped tin plate have been obtained by electro- 
lytically stripping areas to reduce the relatively thick 
hot-dipped coating to predetermined coating thicknesses 
comparable to those on electrolytic tin plate. 

Micro variations in tin coating thickness apparently 
do not affect pack life of plain cans packed with fruits. 
This could be expected from the cathodic protection 
afforded by tin to the steel. 

Lacquered Tin Plate — Lacquered cans are normally 
fabricated from tin plate which has been lacquered in 
sheet form. In the United States the trade refers to the 
lacquers as enamels. The lacquers vary in composition 
but are either organic solutions of resins or mixtures of 
resins and vegetable oils, the resins being either natu- 
rally occurring or synthetic. They may be clear or 
pigmented. 

Lacquered cans are normally used to prevent the 
bleaching of highly colored fruits or to prevent the 
sulphide staining caused by sulphur-bearing foods. Con- 
siderable success in the reduction of hydrogen swells 
has, however, attended the use of lacquered cans for 
certain food products. During World War II, consider- 
able quantities of 0.50 lb. per base box electrolytic tin 
plate, and even black plate, protected by lacquered coats, 
gave satisfactory service life for meat and vegetable 
products. The use of lacquered 25 plate has increased 
substantially, so that currently it accounts for a major 
portion of cans. 

The corrosion process in lacquered cans is consider- 
ably more complex than in plain cans. The type of lac- 
quer and methods of application may be as important 
as the quality of the tin plate used. Generally, improved 
service life may be obtained by more continuous cover- 
age, as by spray or flush lacquering the fabricated cans. 

Cracks in the lacquer coating expose minute areas of 
tin and iron. At these areas the tin tends to protect the 
iron but, because of the limited amount of tin exposed, 
it is soon used up and corrosion of the tin plate may be 
found in areas which have no apparent discontinuities 
in the lacquer film. Indeed, lacquered cans of fruit, which 
have abnormally long service life, frequently show pro- 
nounced etching of the tin beneath the lacquer indicating 
that lacquer films may be acting as semiporous mem- 
branes and the corroding tin beneath the lacquer is pro- 
tecting the iron cathodically. 

Trial packs are used to determine whether pack life 
can be improved by the use of a specific lacquer on the 
tin plate. As yet there are no laboratory tests which will 
determine the suitability of a specific lacquer system for 
a specific food product. 
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Chapter 38 

LONG TERNE SHEETS AND TERNE PLATE 


Long Tcrne Sheets — ^Long teme sheets, or long tcmes, 
are steel sheets that have been coated by immersion in 
a bath of teme metal, which is an alloy of lead and tin. 
Sheets coated with teme metal are duller in appearance 
than sheets coated with tin alone, and it is this feature 
of the product that gave rise to the name “teme”— 
meaning “dull.” Long teme sheets fall within the di- 
mensional ranges covered by the uncoated sheet com- 
modities. In commercial practice, they seldom are manu- 
factured thinner than 0.014 inch, thicker than 0.125 inch, 
or wider than 48 inches. Long ternes occupy a relatively 
minor position tonnage-wise in the sheet business, but 
offer a combination of properties that make them very 
suitable for such applications as air cleaners, fuel tanks 
and burial caskets. 

I.iong Teme Coatings —The composition and weight of 
long terne coatings wore drastically restricted in 1941, 
when the normal supplies of tin were cut off by World 
War II. Prior to that period, it was customary to coat 
with teme metal containing approximately 80 per cent 
lead and 20 per cent tin, although this composition was 
not mandatory and could be varied for specific applica- 
tions. Since the object of teme coating is to apply to 
the steel base an inexpensive, corrosion-resistant coat- 
ing of lead, the percentage of tin used need only be 
sufficient to obtain a smooth, continuous coating. Lead 
alone does not alloy with iron, so that it is necessary to 
incorporate a certain amount of another element, in this 
case tin, which alloys readily with the steel base and 
forms a solid solution with the lead. It was formerly 
thought impractical to coat with terne metal composi- 
tions containing much less than 15 per cent tin but 
experience gained during the war period proved other- 
wise, for during this time, when government restrictions 
limited the amount of tin in long terne metal to 10 per 
cent maximum, terne coatings of entirely satisfactory 
quality were produced. It is to be noted, however, that 
decreasing the amount of tin in the coating alloy neces- 
sitates higher pot temperatures and lessens the alloying 
or “wetting” properties of the teme metal. 

Prior to 1946, the coating weights of long terne sheets 
wore designated by pounds per double base box, a term 
used in the tin plate and short teme industry, and never 
logically applicable to long temes. With the exception 
of roofing long terne sheets, which are still produced 
to coating weights of 20, 30, or 40 pounds per double 
base box in specific gages and sizes, this designation is 
no longer used. Long teme sheets are now ordered to a 
coating weight specified in ounces per square foot, with 
weights ranging from “commercial” (no minimum 
amovint) to 0.55 ounces per square foot. The designation 
of teme coating weights in terms of ounces per square 
foot follows the practice used in designating coating 
weights of galvanized sheet, as long temes are com- 
nionly made on equipment located in galvanizing shops. 
Table 38—1 lists the various weights of coating commonly 
available and the applicable sheet gage numbers. Com- 
mercial coating is furnished unless a special coating 
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weight is ordered. Long terne sheets with commercial 
coating are well-coated sheets but are not subject to any 
minimum coating test. 

The thickness and nature of the coating are the most 
important factors governing the corrosion resistance of 
long teme sheets. Both lead and tin arc highly corrosion 
resistant, and their combinations as used on long terne 
coatings also resist corrosion well. However, both lead 
and tin are cathodic to iron under most conditions of 
exposure, so that terne metal will actually accelerate 
corrosive action on the steel base when any portion of 
the steel surface becomes exposed to attack. Since a light 
coating has a greater tendency to form pinholes or other 
discontinuities than does a heavier coating, exposure of 
the base metal is minimized and corrosion resistance is 
increased as the thickness of the coating increases. How- 
ever, even the most heavily coated ternes should be 
well-painted when maximum protection against cor- 
rosion is desired. 


Table 38-1. Ordered Coating and Minimum Coating 
Weight Limits for Long Terne Sheets. 


Weight (Oz. Per Sq. Ft.) 


Nominal 
Coating, 
Lb. Per 
Double 
Base Box 


1 Minimum Coating 

Applicable 

Sheet 

Gage 

Numbers 

Ordered 

Coating 

By 

Sheet 

Weight 

Test 

By 

Triple 

Spot 

Test 

Com- 

mercial 

No Min. 

No Min. 

10 to 30 

Com- 

mercial 

0.35 

0.30 

0.26 

16 to 30 

9.00 

0.45 

: 0.38 

0.34 

18 to 30 

12.00 

0.55 

0.47 

0.41 

20 to 30 

15.00 


Composition and Preparation of Steel Base— The steel 
base of long ternes may be provided on either a “com- 
mercial quality” or a “drawing quality” basis. In the 
former case, rimmed, capped, or semi -killed steel is 
generally used; in the latter, specially selected rimmed 
or aluminum-killed steels are provided, because of their 
superior ductility. All of these steels usually fall within 
the following composition limits: 

Carbon Manganese Phosphorus Sulphur Silicon 

(%) (%) (%) (%) (%) 

0.03-0JL0 0.25-0.50 0.025 max. 0.050 max. 0.020 max. 

Selection of the composition and treatment of the steel 
to be used for the base of long terne sheets is governed 
by the end use of the products to be fabricated from 
them and hence must take into consideration a number 
of factors, important among which are the customers’ 
fabricating practices. Factors normally considered in 
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addition to the usual requirements for flatness, finish, 
and weight of coating, are such forming hazards as 
breakage in deep drawing operations, fluting, stretcher 
strains, and the conditions under which the material is 
to be used. In this latter connection, for example, a 
copper content of 0.20 per cent minimum is usually 
recommended for applications involving corrosion haz- 
ards, such as may be encountered when used for roofing 
or for burial caskets. 

The treatment accorded the steel base used in manu- 
facture of long teme sheets, depends upon the desired 
combination of gage, surface finish, and physical prop- 
erties. It is basically identical with the treatment which 
would be given a cold rolled sheet or a hot rolled sheet 
manufactured for the same type of customers* fabri- 
cating operations. Product 18 gage and lighter generally 
is rolled on cold reduction mills while 16 gage and 
heavier usually is rolled on a continuous hot strip mill; 
some overlapping in method of rolling occurs, how- 
ever, in the range 18-14 gage. 

The continuous cold reduction process involves the 
use of lubricating solutions containing oil, the removal 
of which from the surface of the steel prior to annealing 
is of vital importance in producing a base metal which 
is to be teme coated. Any oil which remains upon the 
sheet or strip will decompose when heated to the an- 
nealing temperature. The relatively inert, carbonaceous 
residue which results can interfere seriously with the 
application of a smooth, continuous coating of terne 
metal, since these residues are not attacked to any 
appreciable degree by the pickling solutions commonly 
employed for descaling and cleaning the steel prior to 
terne coating. As a result, they prevent the teme metal 
from “wetting** or alloying with the steel base, causing 
rough coating or entirely bare areas where the film is 
particularly heavy. Some manufacturers make use of 
an electrolytic cleaning operation prior to annealing in 
order to prevent the formation of the “carbon smudge”; 
others cold reduce the base metal in thin mixtures of 
volatile water-soluble oil. 

Cold reduced product is usually box annealed since 
it is more economical than normalizing and the sheets 
or coils may be kept scale-free by using a deoxidizing 
atmosphere, thereby reducing the iron loss due to pick- 
ling. The temper rolling operation may be eliminated 
on certain gages and applications wherein it is known 
that the customer’s fabrication involves a deep-drawing 
operation in which fluting or straining of the base metal 
is not objectionable. Final preparation of the base metal 
prior to coating may involve shearing coil product to 
sheet form on a flying shear unit, with or without sur- 
face inspection, and in these operations it is important 
that the sheets be kept free of oil or grease, for the rea- 
sons previously stated. 

When the base metal is rolled to gage on a continuous 
hot strip mill, the hot rolled coil is sheared to sheet 
form before any further processing takes place. Sheets 
intended for deep-drawing and stamping generally are 
normalized, while material for less severe applications 
may receive no more than a flattening operation after 
shearing, because in these heavier gages the steel strip 
is sufficiently soft for moderate forming operations. 

The pickling practice prior to coating is essentially 
the same as that used in the production of galvanized 
sheets and the operation is performed in the same shop 
or department. Hydrogen embrittlement of the base 
metal, especially cold reduced product, is an ever- 
present hazard and close control of the pickling opera- 
tion is required to avoid deleterious effects. 

Long Teme Coating Application — ^There are two 
methods generally used for applying teme metal in the 


manufacture of long temes. The chief objective of both 
of these methods is to bring the properly prepared sur- 
face of the steel base into contact with the molten terne 
metal, and to remove the coated sheets from the pot, 
under conditions that will assure a uniform distribution 
of the coating. In both methods the aim is to produce a 
continuous coating of teme metal as free of discon- 
tinuities as possible. 

The flux process, as the name indicates, employs a 
flux of molten (or a water solution of) zinc chloride, or 
a solution of zinc chloride in hydrochloric acid, to re- 
move any oxides of iron that may be present and also 
effect a rapid drying of the sheets. This latter feature 
makes it possible to use a coating machine similar to 
that used in the tin plate industry. In fact, the flux 
process is quite similar to the methods used in tinning, 
with the exception that the temperature of the terne 
pot is higher than that of the tin pot because of the 
higher melting points of the terne metal compositions. 
The terne pot temperatures commonly employed range 
from 620 ® to 680 ® F. The process is carried out in a 
“rigging” or machine which carries the sheet through 
the several steps of the process as follows: The pickled 
sheets are fed from water boshes or piles into rubber 
pinch rolls, which conduct them through a hydrochloric 
acid wash tank. The object of this acid dip is to remove 
the iron hydroxide which may have formed on the 
sheets subsequent to pickling. Another set of rubber 
pinch rolls squeezes excess acid from the sheet, and the 
entry rolls of the coating rigging carry the sheet into 
the flux box, where it is cleaned and dried. The sheet 
then passes downward through the molten terne metal, 
where the coating is applied, then upward through a 
bath of oil (palm oil, fish oils, mineral oils, or combina- 
tions thereof) floating on top of the metal, being con- 
veyed through the oil by the oil rolls. The oil bath on 
the exit side of the metal bath, in addition to protecting 
the surface of the molten metal bath from oxidation, 
tends to keep the coating on the sheet in a molten con- 
dition and thus allows the oil rolls to control the distri- 
bution and thickness of the coating. As the coated sheets 
leave the oil bath they are conducted to the conveying 
system of the cooling and cleaning train. 

In the combination process, a coating machine using 
the flux process is followed by another machine of the 
same type but with oil substituted for the zinc chloride. 
This type of arrangement permits complete control over 
the coating conditions within the entire range of coating 
weights commonly available. Since most long torne.s 
are ordered in the lighter coating weights, the bulk of 
the material produced is coated on a single unit by the 
flux process. 

After the coating operation, the freshly coated sheets 
must be cooled sufficiently to permit cleaning without 
injury to the soft coating. Terne plate, because of a 
heavier steel base and higher temperature of the coating 
bath, requires more time than tin plate to cool to tlie 
proper temperature for cleaning, therefore special 
equipment is needed. In general, this equipment con- 
sists of a hooded conveyor against which blasts of cool 
air are directed from a distributor pipe. Control of the 
volume of air through the distributor main and branch 
tubes is effected by varying the speed of the blower 
and regulating the flow through the individual tubes by 
a system of dampers. The conveyor system carries the 
sheets in a horizontal position with both surfaces ex- 
posed to the cooling action of the air blast. This con- 
veyor consists of a series of deeply hollowed rolls, 
sometimes referred to as double-cone sets, because each 
roll is so deeply concave that it resembles two cones 
mounted on a shaft with their apexes abutting. When a 
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sheet passes over the conveyor only its edges are in 
contact with the rolls, and with the air distributors 
suitably arranged, both surfaces are equally exposed 
to the cooling action of the air blast. 

Regardless of the coating process used, the teme plate 
emerges from the coating operation covered with oil. 
Part of this oil drips from the sheets as they pass over 
the cooling conveyor and is collected in a grease pan 
located under the conveyor, but the remainder must be 
removed with special cleaning equipment. Long terne 
sheets are produced with a “dry” or “bright” finish, and 
an “oil” finish. Sheets leaving the cleaning equipment 
practically free of oil are designated as dry finish, but if 
they carry an appreciable amount of oil, or are sub- 
sequently coated with oil, they are designated as oil 
finish. 

The residual oil present on the surfaces of long teme 
sheets after coating is usually removed by a branner 
similar to that used on hot-dipped tin plate. Contrary to 
tin plate practice, however, the long teme branner is 
preceded by a pair of cloth squeezer rolls, which remove 
much of the heavy oil film before the sheet enters the 
regular branning operation. Middlings or sawdust may 
be used in the branner. Steel rolls thinly wound with 
flannel may be used at the exit end of the branner to 
exert a smoothing action on the surface when a bright 
finish is desired. For best results in cleaning, two bran- 
ners are normally employed, one following the other. 
When oil finish is specified, oiling rolls may be inserted 
in the line to apply the desired amount of oil on the 
surface, or it may be accomplished as a separate op- 
eration in a regular oiling machine. Upon completion 
of cleaning, the sheets are ready for inspection by the 
inspectors stationed at the end of the line. 

Inspection and Testing of Long Terne Sheets — ^The 
inspection of long terne sheets normally takes place 
when they have completed their travel along the con- 
veyor system, through the branners, and are being re- 
moved for piling into lifts. All but a small percentage 
of the sheets coated are primes, i.e., sheets free from 
any injurious defects recognized as such in the trade. 
However, even with the best practice and control of 
processing variables, a certain percentage of the sheets 
from the teme pots have defects which are of such a 
nature or magnitude that they are classified as rejects. 
Rccoats are sheets containing defective areas which may 
be reconditioned to prime grade by rerunning them 
through the terne pot a second time. Scrap sheets, which 
arc those totally unsuitable for reconditioning or salvag- 
ing, are normally the result of cobbles in the rigging of * 
the terne pot itself or in the branners. The teme coating 
from scrap sheets is reclaimed by placing them in palm 
oil, heating to the proper temperature, and allowing 
suflicient time for most of the coating to run off and 
collect in the bottom of the container. 

The defects of long terne sheets may be classified into 
three general types, depending on the basic origin of the 
Hefect. These types are as follows: 

(1) Those due to an imperfection in the steel base. 

(2) Those due to faulty processing of the material 
prior to the coating operation. 

(3) Those due to faulty coating practice. 

The major defects encountered in category (1) are 
blisters and seams, the latter sometimes being desig- 
nated as “skin laminations” or “slivers.” As in galvan- 
ized sheet production, the blister defect occurs most 
frequently. The basic causes and the method of forma- 
tion of blisters and seams, as discussed in the chapter 
on galvanized sheets, apply also in the case of long 
terne sheets. 


Defects which may be classified in category (2) in- 
clude roUed-in scale, pits, gouges, scratches, under- 
pickled areas, and other imperfections of a minor nature 
which may be eliminated by making corrections in pre- 
ceding processing operations. Another defect falling into 
this category is the previously mentioned “rough coat- 
ing,” which results when the terne metal fails to “wet” 
or alloy with the steel base because of a film of reduced 
iron or carbonaceous residue which has not been satis- 
factorily removed in pickling. In this connection, it is 
to be noted that the cleanliness of the base metal is 
much more critical in the coating of long ternes than 
in the case of hot-dip zinc coatings. 

Defects comprehended in category (3) include such 
items as bent comers, uncoated areas, oil stains, branner 
marks, and other minor items which may be controlled 
by the pot operators. In addition to the inspection for 
the above enumerated defects, the sheets are also 
checked for gage, size and flatness by the pot inspectors 
and are stamped with the appropriate identification 
marks. 

The tests to which long terne sheets are subjected 
after completion of the coating operation may be classed 
as chemical, microscopic and mechanical. It is also 
necessary to have some type of immediate control test 
to determine the amount of coating being applied to 
each lot as it is being coated, and the sheet weight test 
is used for this purpose. The sheet weight test is made 
on a lot of from one to ten sheets, depending on the 
gage. The test lots are weighed after the pickling, wash- 
ing and drying operations, and then weighed again after 
coating. The weight of coating in ounces per square 
foot is calculated by dividing the difference in weight 
so obtained by the total area of the sheets comprising 
the test lot. This type of test is conducted frequently for 
each coating unit so that an adequate control of the 
coating weight may be maintained and adjustments 
made to the coating machine as the occasion arises. For 
accurate determination of the weight of teme coating 
on the sheet and to determine conformance to specifica- 
tions it is customary to use the triple spot test method. 
Where the product is coated in sheet form, three speci- 
mens exactly 2.25 inches square, or discs of equivalent 
area, are cut from each test sheet, one being cut from 
the center and the other two from diagonally opposite 
corners. The end spot tests are cut not closer than 4 
inches from the ends and 2 inches from the sides, in 
order to avoid the heavier coating on these areas. In 
testing product made by the continuous-strip coating 
process, since the coating-weight difference for the back 
and front of the test sheet do not exist, it is acceptable 
to take all three spot tests across the width of the sheet. 
After each specimen has been weighed on an analytical 
balance the coating is dissolved by immersion in an 
appropriate solution. The specimen is then washed, dried 
and reweighed, the difference in weight in grams being 
numerically equal to the weight of coating in ounces per 
square foot. From time to time, and particularly when 
certain specifications governing the composition of the 
teme coating must be met, the coating on a test sample 
is chemically analyzed to determine the percentages of 
tin and lead present. 

A microscopic examination of a properly polished and 
etched cross-section is made to determine the ferrite 
grain size of the steel base. Since the adherence of the 
coating to the base metal is never a problem in the 
production of long terne sheets, adherence testing is not 
required as it is for galvanized sheets. Mechanical prop- 
erty tests are used primarily as a guide in determining 
the ductility of the coated sheet and its suitability for 
the intended application. These mechanical tests include 



THE MAKING, SHAPING AND TREATING OF STEEL 


658 

Rockwell hardness, Olsen cup, bend, fluting and tension 
test. Hardness tests are normally made on the base metal 
after the coating has been removed since the soft coating 
would give erroneous values if the hardness impression 
were made through it. Besides providing a measure of 
the ductility, the Olsen test is a valuable tool for de- 
tecting hydrogen embrittlement of the base metal. In 
the Olsen cup test the material normally “necks” at the 
periphery of the base of the cup, but when absorbed 
hydrogen has embrittled the base metal, a ragged frac- 
ture will occur on the side of the cup or, in extreme 
cases, at the base of the cup. Fluting tests are made 
by forming a suitable test piece into a cylinder and 
observing the presence or absence of flutes or creases. 

Continuous Strip Production of Long Ternes — ^The 
advantages of the continuous teme coating of strip have 
long been recognized. Constant improvement, develop- 
ment and adaptation of existing terne coating equip- 
ment have now made continuous hot-dip coating 
possible. The first major step was the development of 
completely synchronized drives, so that long coils could 
be run without gain or loss in the loop between rolls. 
Other developments included the perfection of auto- 
matic welding equipment and vertical branners. Con- 
tinuous coating lines may be of the semi-continuous or 
the fully-continuous type. The semi -continuous line has 
only one payoff reel and one tension reel, which neces- 
sitates threading each individual coil through the line. 
The fully-continuous line is equipped with double pay- 
off reels, welder, and looping towers or pits, which 
permit a continuous flow of strip through the coating 
unit. 

The base metal for coating on continuous lines usually 
consists of cold reduced, box annealed and temper rolled 
coils, although hot-rolled, pickled coils may be used. 
The treatment of the base metal prior to coating is 
identical to that given shoot product, with the exception 
that all the operations are accomplished in coil form. 
The pickling operation is performed in the line prior to 
the actual teme coating operation. 

The equipment contained in a continuous coating line 
may vary from shop to shop, depending on numerous 
operating conditions and the preference of the manu- 
facturers concerned. Essentially, the equipment and 
process involved are as follows: A coil holder, followed 
by a payoff reel, feeds tlie strip into a pinch-roll unit, 
which in turn is followed by a squaring shear and a 
welder if the process is fully continuous. The strip then 
enters an acid pickling tank, which may consist of a 
single-dip tank, wherein normal chemical pickling is 
effected, or which may be an electrolytic pickling unit; 
if the latter, it may be followed by a short non- 
electrolytic hydrochloric dip. In either case, the object 
of the operation is to provide a chemically clean surface 
for the effective application of the teme coating. If de- 
sired, provision may be made for an alkaline cleaner 
unit equipped with suitable rinsing and scrubbing fa- 
cilities just ahead of the pickling tank. From the pickling 
unit the strip then enters a pinch roll unit which con- 
veys it into the teme coating pot. Upon emerging from 
the pot, the strip is cooled and conveyed to the branner 
(vertical in modem installations) which removes the 
residual oil. At this point in a continuous line, provision 
may be made for shearing the strip into cut lengths, 
using a gage table, shear, and piler or, if the material is 
to be shipped in coil form, a shear for cutting out the 
weld and a tension reel are available to recoil the strip. 

The process of continuous teme coating has several 
unique advantages which suggest that its use will be- 
come more widespread. The first of these is the elimina- 
tion of the intermittent operation characteristic of sheet 


pots, whereby a space of from 1 to 3 feet is left between 
each sheet as it passes through the line. The next 
distinct advantage is the uniformity of the coating that 
can be realized by having a continuous flow of the base 
metal through the coating rigging with no break in the 
operation. As has been indicated, the sheet method 
results in a heavier coating on the front and back ends, 
“entry” and “list” ends respectively, so that continuous 
coating makes more efficient use of a given quantity of 
coating metal. A disadvantage of the continuous process 
lies in the fact that it is less adaptable to producing 
small, varied types of orders since it is most efficient 
when used to produce coils of one coating weight. The 
operation of a continuous coil tome line is quite similar 
to a sheet unit and the principles of the coating tech- 
nique are identical. Since it is not possible to make use 
of the sheet weight test as a routine check on coating 
weights, the operator must rely on a determination made 
by electrical or chemical means. The final product may 
be shipped to the customer in coil form or may be 
sheared to sheets. 

Recent developments in continuous teme coating have 
pointed toward the elimination of oil as a part of the 
coating operation. The use of oil entails a number of 
operating disadvantages, among which is the necessity 
of including a cleaning apparatus to remove excess oil 
from the coated strip. This operation can apparently be 
avoided by dispensing with oil finishing rolls and sub- 
stituting partially submerged exit rolls, using a molten 
zinc chloride flux with ammonium bromide or am- 
monium chloride dissolved in it. The zinc chloride acts 
as a solvent for the ammonium bromide or ammonium 
chloride to prevent its dissipation by volatilization and 
makes the entire process quite similar to conventional 
galvanizing. 

Applications of Long Teme Sheets— The major por- 
tion of the long terne sheet production is used in the 
manufacture of gasoline tanks for the tractor, truck and 
automotive industries. Automotive gas tanks are usually 
drawn in two halves, top and bottom, and seam welded 
around the perimeter. Truck and tractor tanks are 
sometimes drawn in the same manner, but are also 
fabricated by forming the sheets into cylinders by using 
bending rolls and then lockseaming or soldering the 
ends. The use of long ternes for these applications is 
dictated by the resistance of the coating to corrosion by 
gasoline, water and air. Other automotive parts manu- 
factured from long ternes include water distributor 
tubes, radiator parts, mufflers, oil pans and air cleaners. 
The latter use is considered a minor corrosion hazard 
but manufacturers of this item prefer to draw the shapes 
involved from long ternes because of the lubricating 
value of the coating in deep drawing operations. Other 
uses are for roofing, hand fire extinguishers, outboard- 
motor gasoline tanks and burial caskets. The latter ap- 
plication involves hand rubbing and polishing to a high 
luster for a pleasing appearance. An important wartime 
use was the manufacture of expendable gasoline tanks 
for aircraft. 

Teme Plate — Terne plate, a tin mill product of rela- 
tively minor importance, is black plate that has been 
pickled and coated with teme metal. Known occasion- 
ally as short ternes, this commodity is made on hot- 
dipped manufacturing equipment. Its approximate sheet 
thickness is expressed as basis weight and its coating 
weights are expressed in terms of poimds per double 
base box. The teme metal used for teme plate generally 
contains a maximum of 15 per cent tin; the balance of 
the coating is lead. 

Roofing temes are commonly ordered in the standard 
sizes, 20 by 28 inches or 14 by 20 inches, the standard 
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basis weights of 107 lb. and 135 lb., and the standard 
coating weights of 8 pounds, 20 pounds and 40 pounds 
per double base box. The base metal is copper-bearing 

steel. 

Firedoor temes are ordered in the standard size 20 by 
28 inches with a basis weight of 107 lb. or heavier and 
a coating of 20 pounds per double base box. 

Manufacturing temes are short temes of any tin-mill 
size produced by using approximately 6 pounds of teme 
metal per double base box. Heavy-coated manufactur- 


ing temes are short temes produced in coating wei^ts 
of 8, 15, 20 and 40 pounds per double base box. Special- 
coated manufacturing ternes are short temes custom- 
arily produced with no specified amount of coating but 
carrying the lightest practical coating consistent with 
thorough coverage of the plate. 

Bibliography 

“Steel Products Manual”, Sections 11 and 14. American 
Iron and Steel Institute, New York. 



Chapter 39 


PRODUCTION OF 
GALVANIZED SHEET AND STRIP 


SECTION 1 

GENERAL 


Production and Uses of Galvanized Sheet and Strip — 
The importance of providing protection against corro- 
sion for steel articles having a light section is obvious, 
and coating the steel with zinc is a very effective and 
economical means of accomplishing this end. Zinc coat- 
ings are commonly applied by dipping or passing the 
article to be coated through a molten bath of the metal. 
This operation is termed “galvanizing,” “hot galvaniz- 
ing” or *‘hot-dip galvanizing” to distinguish it from 
zinc electroplating processes which are termed “cold” 
or “electro-galvanizing.” 

The present discussion is limited (1) to hot-dip sheet 
galvanizing which is the hot-dip galvanizing of cut- 
length sheets by passing them one by one and in close 
succession through the molten zinc, and (2) continuous 
(strip) hot-dip galvanizing, in which material in coiled 
form from the rolling mills is uncoiled and passed con- 
tinuously through the galvanizing equipment, con- 
tinuity of operation being achieved by joining the trail- 
ing end of one coil to the leading end of the next. 

The word “strip,” as used in this chapter, denotes the 
physical form of the material in process; i.e., a con- 
tinuous strand of steel of sheet gage and width. Com- 
mercially, the meaning of the term “strip” has the limi- 
tations outlined in Chapter 33. 

Of all the common metals used for protective coat- 
ings, zinc enjoys the lowest cost per pound. With the 
single exception of tin, it is used to protect a greater 
area of steel than any other coating metal. In 1954, 
398,000 tons of slab zinc were consumed by the gal- 
vanizing industry. Of this amount, 181,000 tons wore 
used for the galvanizing of sheet and strip. The balance 
of the zinc was used largely in wire galvanizing, pipe 
galvanizing, and in hot-dipping prefabricated articles 
such as range boilers, wash tubs, garbage cans, pails, 
etc. The reported shipments of galvanized sheet and 
strip in the United States during 1954 amounted to over 
2.5 million tons. 

In 1954, about 37% per cent of the galvanized -sheet 
production was used to satisfy construction -industry 
requirements. Construction of grain-storage bins, stock 
tanks, feeding equipment, farm machinery and build- 
ings in the agricultural industry consumed 10.4 per cent 
of the production. The electrical industry consumed 
about 2% per cent of the total, and about 34 per cent 
was shipped to warehouses for miscellaneous uses. Sub- 
stantial tonnages were used by the appliance and con- 
tainer industries. The railroads consumed around 1 per 
cent and the export trade about 6% per cent of the total. 

Specific uses for galvanized sheets include roofing 
and siding, eave troughs, conductor pipe, air ducts, 
heating furnaces, air-conditioning equipment, metal 


lath, comer beading, switch boxes, chimney flues, metal 
awnings, railroad-car roofs, garbage cans, oil cans, ash 
cans, pails, tubs, coal hods, refrigerators, deep-freeze 
units, kitchen equipment, laundry tubs, automatic 
washers and dryers, minnow buckets, storage tanks, 
beverage coolers, well casings, culverts, poultry equip- 
ment, manure spreaders, hay loaders, tractors, and 
wagons. 

FACTORS INFLUENCING EFFECTIVENESS 
OF GALVANIZED COATINGS 

The amount of zinc on a galvanized sheet is stated 
in terms of ounces per square foot of sheet; since the 
sheet is coated on both sides, the stated weight of coat- 
ing is twice the average weight of coating per square 
foot of either side. 

The effectiveness of a protective coating depends to 
a considerable extent upon the character of the en- 
vironment in which it is used. In general, galvanized 
coatings are subjected to atmospheric and liquid corro- 
sion and, less frequently, to soil corrosion. Their effec- 
tiveness in the atmosphere depends mainly upon the 
amount of acidic contaminants present. Thus, in the 
relatively pure air of rural districts, the life of zinc 
coatings is four to ten limes that of the same coatings 
in industrial areas. 

For any specific set of exposure conditions, the thick- 
ness of a zinc coating is the most important factor in 
determining its effectiveness. Coatings applied to sheets 
by the hot-dip process range, in general, from 0.6 to 
2.5 oz. per sq. ft. of sheet, and the 2.5 oz. per sq. ft. 
coating can be expected to have approximately four 
times the life of the 0.6 oz. per sq. ft. coating under 
similar exposure conditions. For this reason, uniformity 
of coating is also an important consideration. As a 
practical matter a completely uniform coating is not 
produced in a commercial hot-dipping operation; how- 
ever, no area or spot of a hot-dipped sheet should carry 
a lesser weight of coating than the trade-accepted mini- 
mum for the grade. These minimums vary with the 
grade or class ordered and are considerably less than 
the nominal weight of coating, i.e., coating class, 
specified; see “Coating Weight Requirements” below. 

One of the advantages of zinc as a protective coating 
is its anodic relationship to iron in the electro-motive 
series. Due to this relationship, the protection afforded 
is extended to. small areas of coating discontinuity ad- 
jacent to areas actually coated. Thus, lack of coating at 
a sheared edge or minor damage to the coating during 
fabrication or use of a galvanized article does not se- 
riously impair its service life, provided, of course, the 
uncoated areas are not too large. 
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Galvanized 

Sheet 

Qage Number 

Ounces Per 
Square Foot 

Pounds Per 
Square Foot 

Pounds Per 
Square Inch 

Thickness 

Equivalents 

(Inches) 

8 

112.5 

7.03125 

0.048828 

0.1681 

9 

102.5 

6.40625 

0.044488 

0.1532 

10 

92.5 

5.78125 

0.040148 

0.1382 

11 

82.5 

5.15625 

0.035807 

0.1233 

12 

72.5 

4.53125 

0.031467 

0.1084 

13 

62.5 

3.90625 

0.027127 

0.0934 

14 

52.5 

3.28125 

0.022786 

0.0785 

15 

47.5 

2.96875 

0.020616 

0.0710 

16 

42.5 

2.65625 

0.018446 

0.0635 

17 

38.5 

2.40625 

0.016710 

0.0575 

18 

345 

2.15625 

0.014974 

0.0516 

19 

30.5 

1.90625 

0.013238 

0.0456 

20 

26.5 

1.65625 

0.011502 

0.0396 

21 

24.5 

1.53125 

0.010634 

0.0366 

22 

22.5 

1.40625 

0.0097656 

0.0336 

23 

20.5 

1.28125 

0.0088976 

0.0306 

24 

18.5 

1.15625 

0.0080295 

0.0276 

25 

16.5 

1.03125 

0.0071615 

0.0247 

26 

14.5 

0.90625 

0.0062934 

0.0217 

27 

13.5 

0.84375 

0.0058594 

0.0202 

28 

12.5 

0.78125 

0.0054253 

0.0187 

29 

11.5 

0.71875 

0.0049913 

0.0172 

30 

10.5 

0.65625 

0.0045573 

0.0157 

31 

09.5 

0.59375 

0.0041233 

0.0142 

32 

09.0 

0.56250 

0.0039062 

0.0134 


COATING WEIGHT AND GAGE REQUIREMENTS 

Galvanized sheets are manufactured to several gen- 
eral specifications, the requirements of which have 
been found by usage and test to be the most suitable for 
(he applications involved. 

The so-called Commercial Coatings generally include 
those that are produced on sheets for direct weather- 
exposure applications. Galvanized Formed Roofing and 
Siing, and Galvanized Flat Sheets for Roofing and 
Siding, are produced to ASTM Specification “Steel 
Roofing Sheets” A361-55T with a 1.25 oz. per sq. ft. 
coating class, 0.90 oz. per sq. ft. check limit by triple- 
spot test, or 0.80 oz. per sq. ft. check limit by single- 
spot test. (Tests for galvanized sheets are described in 
Section 5 of this chapter.) Galvanized Flat Sheets for 
other than roofing and siding products, but for an in- 
tended equivalent corrosion hazard, may be produced 
to ASTM Specification “Steel Sheets, Coil and Cut 
Lengths” A93-55T with a similar 1.25 oz. per sq. ft. 
coating class. 

For applications in which the above Commercial 
Coatings might cause some difficulty in forming because 
of their thickness, or in which extreme corrosion re- 
sistance is not a consideration, galvanized sheets may 
be produced to ASTM Specification A93-55T, Light 
Commercial, with no minimum check limits specified. 

Heavier than Commercial Coatings are supplied when 
required for specific applications. The American Zinc 
Institute “Seal of Quality” roofing sheet is specified as 
2.00 to 2.25 coating class with a minimum 1.80 oz. per 
sq. ft. check limit by triple-spot test and a minimum 
1.50 oz. per sq. ft. check limit by single-spot test (see 
Section 5) . Culvert sheets are required to carry a mini- 
mum 2.00 oz. per sq. ft. coating when tested by the 
triple-spot-test method. 

Galvanized sheets are produced to weights per unit 
of sheet area. The Galvanized Sheet Gage, established 
by custom, is based on the United States Standard 


Gage, each Galvanized Sheet Gage weight being 2.5 
ounces per square foot heavier than the gage weight of 
the same United States Standard Gage nximber, regard- 
less of the coating weights. For example, the equivalent 
unit weight of a 20-gage galvanized sheet is 26.5 ounces 
per square foot regardless of the weight of coating. Ad- 
justments are made in the weight of the base metal to 
compensate for heavier or lighter weights of coating. 
Galvanized sheet gage numbers and their weight equiv- 
alents are given in Table 39—1. Thickness equivalents 
are also shown in this table. Table 39 — II shows the 
coating class in ounces per square foot and the mini- 
mum coating check limits for coatings heavier than 
Commercial Galvanized Coatings. 

GENERAL QUALITY DESIGNATIONS 

Sheets of “Commercial Quality” are suitable for 
bending and moderate forming requirements. They 
must be capable of withstanding standard bend tests. 


Table 39 — ^11. Coating Class and Minimum Coating 
Check Limits for Galvanized Sheets (Oz. Per Sq. Ft.) 


Coating 

Class 

Minimum Check 
Limit by Triple- 
Spot Test* 

Minimum Check 
Limit by Single - 
Spot Test* 

2.75 

2.35 

2.00 

2.50 

2.10 

1.80 

2.25 

1.85 

1.60 

2.00 

1.65 

1.40 

1.75 

1.40 

1.20 

1.50 

1.15 

1.00 

1.25 (Com- 



mercial) 

0.90 

0.80 

Light Com- 



mercial 

— 

— 


• Test procedures are described in Section 5 of this chap- 
ter. 
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The adherence of the coating must be sufficient to with- 
stand bending without flaking when tested in accord- 
ance with ASTM Specification A-93. 

When “Drawing Quality*’ steel is supplied, the pro- 
ducer assumes responsibility for selection of steel, 
control of processing, and performance of the material 
within established limits. There is no standard of coat- 
ing adherence for drawing operations, so this item is 
subject to agreement between producer and user. 
Drawing Quality sheets are made from rimmed steel. 

For critical forming requirements, “Drawing Quality 
— Special Killed Steel’* should be specified. The limita- 
tions described above for “Drawing Quality** also apply 
to this grade of material. 

Temper rolling may be employed to produce an 
“Extra Smooth** sheet for applications involving criti- 
cal end uses when galvanized sheets are required to 
have one smooth, clean surface of a higher degree of 
smoothness than is normal for regular commercial 
quality, or drawing quality product. Examples are for 
sign and panel work. 

To obtain satisfactory performance in lock-forming 
operations, “Lock-Forming Quality” sheets should be 
employed. 

For superior resistance to atmospheric corrosion, 
copper-bearing steel should be employed. 

SPECIALTY PRODUCTS 

Hoofing and siding are produced either flat or in the 
form of “Corrugated Sheets,” “V-Crimped Roofing,** 
“Corrugated Roll Roofing,” or regular “Roll Roofing.** 


Standard 2^-inch corrugated sheets have 10 cor- 
rugations to a sheet of siding and lOMs corrugations 
for a sheet of roofing for a covering width of 24 inches. 
The width of each corrugation is actually 2.66 inches 
and the depth is % inch. In siding, both edge corruga- 
tions are turned the same way and the overall width of 
the formed sheet is 26 inches. In roofing, the edge cor- 
rugations are turned in opposite directions and the 
total sheet width is about 27% inches. Lengths of 5, 6, 
7, 8, 9, 10, 11, and 12 feet are commonly available, but 
.special lengths are sometimes supplied. Galvanized 
roofing and siding sheets are produced from 29-gage 
and heavier sheets. 

The standard 1%-inch corrugated sheets have 2 OV 2 
corrugations, % inch deep, to a sheet. With one edge 
each way, they have a formed width of 26 inches and a 
covering width of 24 inches. Stock lengths are the 
same as those for the 2% -inch corrugated stock and 
the gages supplied are similar. 

V-crimped roofing is produced by forming 2, 3 or 5 
longitudinal inverted “V” crimps in the sides or in the 
sides and centers of sheets. V-crimped sheets are sup- 
plied with the 24-inch covering width and the 5- to 
12-foot lengths used for the corrugated material. Vari- 
ous modifications of the standard “V** crimped are used 
for roofing and siding sheets. 

Various accessory fittings for use in assembling a 
corrugated roof usually are supplied by galvanized ■■ 
sheet producers. Included in these are ridge roll, ridge 
cap, gambrel joint, side-wall flashing, end-wall flashing, 
lean-to filler, and overhang section. 


SECTION 2 

METALLURGICAL FEATURES OF THE HOT-DIP GALVANIZING PROCESSES 


Hot-dip coatings are produced on steel objects by 
passing the properly prepared base metal through a 
bath of molten coating metal. Tin, zinc and lead are 
the common coating metals used. As in all coating 
processes, the surface of the base metal must be clean 
to insure satisfactory coating continuity. In addition, 
successful hot-dipping requires the surface of the 
molten bath to be kept clean, particularly at the 
entrance to the bath, since oxide films of the coating 
metal at this point will be picked up by the surface 
of the entering base metal to interfere with the wetting 
of the latter by the molten coating metal. 

In the hot-dip galvanizing of steel, the cleanliness of 
the base metal is somewhat less critical than in electro- 
plating operations since molten zinc is highly reducing 
to iron oxide and possesses a strong tendency to form 
intermetallic compounds with iron. Excessive con- 
tamination of the surface with any material, of course, 
cannot be tolerated and must be removed by acid 
pickling, alkaline cleaning or other preparatory treat- 
ment prior to introduction in the zinc bath. Satisfactory 
cleanliness of the steel and zinc is maintained by 
(1) the use of suitable fluxes either carried on the sur- 
face of the bath or applied to the surface of the steel 
just prior to entry into the bath, or (2) in the case of 
continuous operations which include an annealing or 
other heat-treating step immediately ahead of the 
galvanizing pot, by keeping the heated strip under the 
protection of the furnace atmosphere, preferably a re- 
ducing atmosphere, imtil it passes below the surface of 
the molten zinc. 

For many years, galvanized sheets were produced 
by passing single sheets of steel in close succession 
throu^ a coating pot; the operations are described in 


detail in Section 3 of this chapter. However, with the 
development of wide strip mills capable of rolling to 
sheet gages, there has been a gradual shift to process- 
ing sheet products in strip form. In such operations, the 
steel is unwound from coils and passes as a continuous 
strand through the processing equipment. The product 
may then be recoiled or cut into individual sheets as 
desired. Processing in strip form is sometimes referred 
to as “continuous processing” to distinguish it from 
similar operations involving the treatment of individual 
sheets. Continuous processing permits many operations 
formerly conducted on separate pieces of equipment 
to be combined into one continuous processing line. In 
addition, certain problems inherent to operations on 
individual sheets disappear when the steel is processed 
in strip form. For example, in the hot-dip coating of 
sheets the necessary gap between successive sheets 
causes a considerable variation in the weight of coating 
applied to the leading and trailing ends of the sheet. 
The absence of this gap in operations on material in 
strip form therefore results in a more uniform coating 
and consequently affords better utilization of a given 
quantity of zinc. Continuous-type operations, however, 
require a very high investment in equipment. A de- 
tailed description of the application of continuous prac- 
tices in hot-dip galvanizing of steel is given in Section 4 
of this chapter. 

At and above its melting point, zinc readily forms 
intermetallic compounds with iron. In hot-dip galvaniz- 
ing, these alloys form at the interface between base 
metal and coaung metal and ultimately constitute an 
appreciable portion of the finished coating. After solidi- 
fication, the coating consists of an outer layer approach- 
ing the metal of the coating bath in composition, and 
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several inner layers, generally termed “alloy layer,” 
consisting of intermetallic phases of iron and zinc, the 
latter becoming successively richer in iron with depth. 

The outer layer of a hot-dip galvanized coating 
solidifies as a cast crystalline structure starting at 
scattered nuclei and developing into a more or less 
regular “frost-flower” or “spangled” pattern (Figures 
39—1 and 39 — 2) . The size of the spangles is influenced 
by the composition and prior treatment of the base 
metal, by the duration of the solidification period, and 
by the composition of the coating bath, llic shape and 
general pattern of the spangles are largely influenced 
by the latter. 

The alloy layer has been the subject of considerable 
investigation. It has been considered to be the bond 
between the outer layer of relatively pure zinc and the 


steel base; but, paradoxically, many of the failures of 
galvanized coatings by flaking during fabrication have 
also been attributed to its presence. Actually the exact 
role of the layer in adherence of the coating has not 
been clearly established. 

It has been known for a number of years that the 
addition of aluminum in small amounts (0.10 to 0.25 
per cent) to the zinc bath suppresses the alloy formation 
and produces coatings of increased tightness. However, 
upon metallographic examination, coated samples made 
with a nominal 0.15 aluminum spelter sometimes show a 
relatively thick alloy layer and yet pass severe forming 
tests. Moreover, although the presence of a heavy alloy 
layer on steel sheets galvanized with aluminum-free 
spelter generally portends bad flaking, sheets galvanized 
in the same manner but galvannealed, i.e., the coating 


F I G . 3 9—2. Typical 
spangles on a sheet con- 
tinuously galvanized 
with aluminum-bearing 
(nominal 0.15 per cent 
Al) spelter. Average 
coating weifpit: 1.32 oz. 
per sq. ft. Actual size, 
unetched. 




THE MAKING, SHAPING AND TREATING OF STEEL 


ZINC 

PER CENT by weight 


100 

2192 


^ 400 



K 

lil / 

► 7* J / 
Ul ' 

I- 

I I 2 ^ 

/ 



0J4 0.10 0.06 002 0 

PER CENT FE 


IRON 

PER CENT BY WEIGHT 

P^iG. 39 — 3. The iron-zinc constitution diagram, according to J. Schramm 


converted entirely to alloy, will exhibit excellent adher- 
ence. Thus there are indications that the composition 
of the layer may be significant and that the thic^ess of 
the layer is a factor; however, any generalizations 
must be accepted with reservation. 

The equilibrium relationship between iron and zinc 
at different temperatures has been studied by various 
investigators. The constitution diagram as developed by 
J. Schramm (1938) is shown in Figure 39 — 3. The compo- 
sition and lattice structure of each phase indicated on 
the diagram are shown in Table 39 — III. 

Intermetallic compounds present in hot-dipped gal- 
vanized coatings produced under a variety of condi- 
tions are indicated in Figures 39 — 4 through 39 — 7. This 
series of illustrations shows that the clarity of defini- 
tion and the relative amounts of the various constitu- 


ents of the alloy layer can be varied by varying time 
and temperature of immersion. The composition of the 
steel also, particularly the silicon content, can have a 
noticeable influence on the layer. The presence of tin, 
antimony and cadmium in the usual amounts found or 
used in spelter have been reported to have very little 
effect on the character of the layer; however, aluminum 
in excess of 0.10 per cent has a decided effect. Figure 
39 — 8 is a photomicrograph at 1000 diameters showing 
the cross-section of a sheet galvanized coating of 
aluminum-free spelter. 

Figure 39 — 9 is a similar photomicrograph of a strip 
galvanized coating of aluminum- bearing (nominal 0.15 
per cent Al) spelter. It will also be noted that almost 
all the coating in the latter instance consists of the eta 
phase. 


Table 39 — III. Phases in the Iron-Zinc Constitution Diagram 



X-Ray 

Formula 


Limits of 
Composition, 
(Per Cent Fe) 


Space 

Lattice 


Alpha (o) Fe 
Gamma ( 7 ) Fe 

Capital 
Gamma (T) 

Deltai (di) 
Delta (a) 

Zeta (f) 

Eta M 
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Fig. 39—4. Photomicrograph of commercial sheet galva- 
nized coating. Average coating weight, 0.63 oz. per so. ft 
Magnification: lOOOX. 



sTea 


Fig. 39 — 6. Photomicrograph of experimental galvanized 
coating formed by immersing sheet steel for five min- 
utes in molten zinc at 840" F (450* C) . Magnification: 
500X* 



Fic. 39—8. Photomicrograph showing thickness of the 
alloy layer in the coating on a sheet galvanized with 
aluminum-free spelter. Average coating weight, 1.13 oz. 
per sq. ft. Magnification: lOOOX. 



STEEL 


Fig. 39—5. Photomicrograph of experimental galvanized 
coating formed by immersing sheet steel for one minute 
in molten zinc at 840* F (450*0. Magnihcation: 500X. 



STEt 


Fig. 39—7. Photomicrograph of experimental galvanized 
coating formed by immersing sheet steel for ten min- 
utes in molten zinc at 840 ®F (450° C). Magnification: 
500X. 


^ ZINC 


- IRON 

^ ~ ALLOT 


^ STEEL 


Fig. 39 — 9. Photomicrograph showing thickness of the al- 
loy layer in the coating on a sheet galvanized with 
aluminum-bearing spelter (nominal 0.15 per cent Al). 
Average coating weight, 1.17 oz. per sq. ft. Magnification: 
lOOOX. 
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COATING METAL USED IN HOT-DIP 
GALVANIZING 

There are a number of commercial grades of zinc or 
spelter available for hot-dip galvanizing. A list of the 
different grades is given in Table 39 — IV. 

Table 39 — FV. Composition of the Different Grades of 
Zinc and Spelter 


Composition, Maximum Per Cent of 


Grade 

Pb 

Fo 

Cd * 

Pb 

-b 

Fe 

4- 

Cd 

Special 
High 
Grade .. 

0.010 

0.00.^ 

0.005 

0.01 

High 

Grade .. 

0.07 

0 03 

0.07 

0.10 

Inter- 
mediate . 

0.20 

0 03 

0.50 

0.50 

Brass 
Special . 

0.60 

0.03 

0.50 

1.00 

Prime 

Western. 

1.60 

0.08 




In either sheet or continuous-strip galvanizing, it 
is the general practice to add small quantities of other 
metals to the coating bath to control the appearance and 
properties of coatings. The general effects of elements 
that are either found in or are added to molten com- 
mercial grades of zinc are discussed in the following 
paragraphs: 

Lead, in certain percentages, is necessary for the 
production of a spangled finish. If present in amounts 
exceeding its solubility in zinc (around 1.00 per cent 
at coating temperatures), the excess lead settles to the 
bottom of the coating pot and serves as a cushion to 
support a bed of zinc-iron alloy or dross that forms 
during the coating operation. 

Antimony is not present in commercial spelter grades 
and it may be added, if desired, either as an alloy of 
zinc or as the melal itself. In small amounts it assists 
in producing an attractive low-relief spangle. 

Cadmium, which is present in most virgin spelters, 
assists in producing a frosty low-relief spangle finish. 

Tin additions of from 0.3 to 1,50 per cent have been 
used for many years to produce a frosty spangle finish 
in conventional galvanized coatings. 

Aluminum additions of between 0.10 and 0.25 per 
cent increase the adherence of galvanized coatings. The 
addition cannot be used in conjunction with practices 
utilizing any of the common chloride fluxes floating on 
the surface of the zinc, since the aluminum is rapidly 
removed from the bath by the flux as A1C1» which is 
highly volatile at galvanizing temperatures. 

A small amount of iron is always present in a hot- 
dip galvanizing bath. The excess above its low solu- 
bility limit gradually settles to the bottom of the pot 
as dross. 

STEELS USED FOR HOT-DIP GALVANIZING 

Hot-dip galvanized coatings may be succes.sfully ap- 
plied to a variety of ferrous metals, ranging from cast 
iron to low-carbon and alloy steels. In the coating of 
sheet, the bulk of the production is from low-carbon 
basic open-hearth steel. The following is a general 
classification of the grades used in galvanizing: 


A. Rimmed Steel 

1. Regular low-carbon 

2. Pure iron, copper-bearing 

B. Capped Steel 

1. Mechanically capped 

C. Killed Steel 

1. Aluminum killed 

D. High-Strength Steel 

1. High-strength low-alloy 

Copper may be added, if desired, to any of the above 
grades to improve atmospheric corrosion resistance. 
Steels containing between 0.20 per cent and 0.30 per 
cent copper are designated as “copper bearing.” 

Chemical requirements for the various steel grades, 
as specified by a majority of the producers, are shown 
in Table 39— V. 

MILL TREATMENT OF STEEL PRIOR TO HOT-DIP 
GALVANIZING 

Sheets used for sheet galvanizing may be processed 
by hand-mill rolling operations (now practically obso- 
lete) or by continuous rolling processes. Hand-mill 
sheets arc hot rolled, box annealed, cold rolled, and 
pickled to prepare them for hot-dipping. Continuous- 
hot-rolled sheets may be either hot rolled in strip form 
or hot rolled and pickled in strip form before shearing 
to cut lengths and pickling for the galvanizing opera- 
tion. Shot blasting after shearing is sometimes used to 
facilitate the production of heavy coatings on heavy - 
gage material. Cold-reduced sheets are either hot- 
rolled, pickled, cold-reduced, and recoiled, or they are 
hot rolled, pickled, cold reduced, recoiled, and sheared 
to cut-lcngth sheets before box annealing. Alkaline' 
cleaning is often used after cold reduction to remove 
rolling lubricants. Material that is box annealed in coils 
is temper rolled and sheared before pickling for 
galvanizing, and material that is box annealed in sheet 
form is temper rolled before pickling for galvanizing. 

Coils for continuous galvanizing may be prepared in 
a number of ways. Thus, they may be hot rolled and 
pickled: hot rolled, pickled and cold reduced; or hot 
rolled, pickled, cold reduced, box annealed and temper 
rolled before processing. Again, alkaline cleaning may 
be used after cold reduction to remove rolling lubri- 
cants. Because of the inherent properties of the base 
metal, coated shoots made from cold-reduced coils 
have been found to possess ductility superior to that 
of coated sheets made from handmill products. 

SPECIAL FINISHES 

In addition to the regular spangled finish produced 
in sheet or strip galvanizing, provision may be made 
in the processing facilities to accommodate the produc- 
tion of special finishes. Galvanncalcd sheets may be 
produced by passing the material, after it leaves the 
coating pot, through a heated chamber that maintains 
the coating metal molten until it alloys completely with 
the base metal. Galvannealed coatings possess a silvery 
matte finish of relatively low reflectivity. They have 
good paint-adherence properties without additional 
surface preparation and are capable of withstanding 
moderate forming. 

A bonderized finish may be produced by processing 
in line or as a separate supplementary processing oper- 
ation. In the bonderizing process, a thin film composed 
largely of zinc phosphate is formed on the sheet 
surfaces. Bonderized sheets are outstanding with re- 
gard to their paint-adherence properties. 

Extra -smooth finishes may be applied after galvaniz- 
ing, galvannealing, or bonderizing, by temper rolling 
with shot-blasted or with smooth rolls. On bonderized 



Table 39— V. Chemical Composition of Sheet and Strip Galvanizing Steels 


galvanized sheet and strip 
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hosphorus contents may be varied up to 010 per cent maximum to facilitate pack rolling or to improve the adherence of the zinc coal 
LAP. = Low as possible. 
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material the extra-smooth finish may, in some in- 
stances, be applied before bonderizing. 

Metal sheets shipped and stored in piles or coils are 
subject to white or variously colored stains when water 
is allowed to remain in contact with surfaces in the 
interiors of piles and coils for any appreciable period 
of time. This condition is usually designated as ^*wet 
storage stains.’* Common sources of moisture may be 
rain water, melted snow, or condensation, the latter 


resulting from sudden temperature changes. Various 
chemical films and oil films have been found to be 
effective in retarding the appearance of the discolora- 
tion, but, even with filming treatments, wet storage 
stain is a hazard when sheets or coils get wet. 

Good packaging, handling and adequate warehousing 
facilities have been found to be essential requirements 
for preserving the original finish until the material is 
used. 


SECTION 3 

HOT-DIP SHEET GALVANIZING 


Pickling for Sheet Galvanizing— Pickling for sheet 
galvanizing is usually conducted as a batch operation 
in stationary tubs provided with an agitating means. 
This operation may sometimes be conducted as a con- 
tinuous process in equipment provided with a sheet 
conveyor and means for electrolytic acceleration. 

Very light pickling requiring only a short-time ex- 
postire to the pickling solution has been found suitable 
for products, such as roofing and siding, that require 
little mechanical deformation. Deep etching of the 
base metal has generally been found to be necessary 
when forming requirements are severe. 

Following the pickling operation, a thorough water 
rinse, with or without an alkaline neutralizing dip, is 
employed to remove iron salts and residual acid. A 
prolonged immersion in boiling water may be used, 
when necessary, to minimize hydrogen embrittlement. 

Equipment for Sheet Galvanizing — ^The equipment 
used for sheet galvanizing (Figure 39 — 10) consists of 
mechanical facilities for transporting cut-length sheets 
successively through acid washing, fluxing, hot- dipping, 
and cooling operations. The coating bath itself is con- 
tained in a heated low-carbon steel vessel or pot. A 
framework or rigging with suitable entry feed rolls, 
sheet guides, driven bottom pinch rolls, and driven 


exit rolls, is suspended in the bath in such a manner 
as to completely submerge all but the entry rolls, part 
of the exit rolls, and part of the supporting framework. 
A baffled section or flux, box at the entry end contains 
a floating f used-chloride flux prepared from sal am- 
moniac and the zinc of the bath. 

General Arrangement and Operation of a Sheet - 
Galvanizing Line— A typical sheet-galvanizing line 
consists of a feeding table, a muriatic (hydrochloric) 
acid tank, a coating pot, a spangle and cooling con- 
veyor, a water rinse tank, a dryer, a roller leveler and 
an inspection table (see Figure 39 — 11). In operatinq 
the line, pickled sheets are either fed dry from a feed- 
ing table or wet from water boshes directly into a set 
of driven rubber pinch rolls. The sheets pass forward 
through a shallow muriatic-acid bath and a second set 
of rubber pinch rolls into steel intake rolls that force 
them downward into the flux box of the coating pot. 
The sheets then pass into the coating bath downward to 
the driven bottom rolls, and upward through exit 
rolls, the latter being located at the bath surface. As 
they emerge from the exit rolls the sheets may have 
blasts of air, sulphur- dioxide fumes, or powdered sal 
ammoniac directed against their edges to produce the 
surface finish desired. To control the amount of coat- 


Fic. 39 — 10. A sheet gal- 
vanizing line in opera- 
tion, showing the hooded 
setting which contains 
the galvanizing machine 
immersed in the pot 
containing molten zinc, 
the spangle conveyor, 
and control station. 
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Fig. 39 11. Schematic side elevation of a conventional sheet galvanizing line. 


ing applied, the level of the bath may be adjusted or the 
pressure against the exit rolls may be regulated. 

Endless belts for conveying coated sheets away from 
a galvanizing pot are generally made of coarse woven- 
wire netting. The meshes of the netting contact the 
sheet in such a manner as to cause rapid solidification 
at regularly distributed points. These provide nuclei 
for crystallization and serve, to some extent, as a means 
for spangle control. A cooling run-out conveyor, 
usually provided with air blasts, follows the spangle 
conveyor in a typical installation. Cooled sheets from 


the conveyor are roller leveled in line before inspecting 
and piling. In some coating lines, a wator-rinsing and 
drying operation precedes the leveler. At the delivery 
end of the coating line the sheets are inspected, counted, 
stenciled, and stacked into lifts, after which they may 
be branded and bundled or otlierwise prepared for 
shipment. 

If a special finish, such as a bonderized finish, is to 
be applied to the galvanized sheets, they may be de- 
livered from the galvanizing line to furtlier processing 
units before shipment. 


SECTION 4 

CONTINUOUS (STRIP) HOT-DIP GALVANIZING 


(General Arrangement and Operation of Continuous 
Galvanizing Lines — The processing of steel in the form 
of continuous lengths unwound from coils requires 
more elaborate equipment than the processing of cut- 
length sheets, but the grouping of several manufac- 
turing steps in one operation makes possible certain 
economies in production and an overall improvement in 
control of product quality. 

Several designs of continuous hot-dip galvanizing 
lines are in commercial use. In the simplest arrange- 
ment a continuous strip of box annealed and temper 
rolled steel is passed from an uncoilcr through a long 
muriatic (hydrochloric) acid pickling tank into a gal- 
vanizing pot. The strip enters the pot through a layer 
of flux and regular spelter is used. The coated strip is 
cooled and sheared on the line to cut-lcngth sheets. It 
is then inspected and prepared for shipment. 

A more elaborate design utilizes the so-called “dry- 
fluxing” practice. In this modification a thin film of flux 
in aqueous solution is applied to the strip after it leaves 
the cleaner and the strip then passes through a drying 
furnace into the zinc pot. The cleaning, if necessary, 
can be acid or alkaline. The furnace is operated to de- 
liver heated strip to the coating pot and thus supplies 
a portion of the heat required to maintain the bath at 
temperature. Aluminum-bearing spelter is used as the 
coating metal. The coated product may be re-coiled, 
or it may be sheared to cut-length sheets. 

Another line is characterized by a continuous anneal 
during which the strip is exposed to a complex gas 
containing hydrogen chloride. The strip passes through 
the annealing furnace, a cooling compartment, and a 
muriatic (hydrochloric) acid bath before entering the 
flux box of a conventional galvanizing pot. Asbestos 
wipes are normally used instead of exit rolls on the 
discharge end of the coating pot. Coatings produced are 
very thin but are extremely adherent. Regular spelter 
is used. 

Sendzimir type lines include controlled oxidizing and 
reducing steps prior to coating. The cold-reduced strip 
passes from the uncoilers through an open-flame 
oxidizing furnace, which also serves as a flame- 
degreaser, into a reducing furnace where it is annealed 
or normalized and the oxide film formed in the first 
furnace is reduced. The strip is cooled in the rearward 


zones of the reducing furnace to about the temperature 
of the coating bath and then passes into the zinc pot 
through a conduit extending from the end of the fur- 
nace to slightly below the surface of the coating bath. 
Cracked ammonia, introduced into this conduit to flow 
counter- current to strip movement, provides the neces- 
sary reducing atmosphere of the furnace. The degree 
of oxidation is said to be critical and must be controlled 
to achieve a uniform film ranging from pale yellow to 
blue or grey in color. Aluminum-bearing spelter is 
used. 

In the continuous-galvanizing installations at the 
several United States Steel mills, strip material is alka- 
line cleaned, rinsed and dried, bright annealed, cooled 
to slightly above pot temperature and introduced into 
the coating bath while still protected by the furnace 
atmosphere. Between 0.12 and 0.18 per cent aluminum 
is maintained in the coating bath. Figure 39 — 12 is a 
schematic side-elevation of a line of this type designed 
to process 0.010 to 0.050 in. thick light-gage material at 
speeds up to 300 ft. per min. When coating 28-inch 
wide 29-gage strip at a speed of 250 ft. per min., the 
line can produce about 12.5 tons of galvanized sheets 
per hour. Figure 39—13 is a photograph of the input 
portion of a line designed primarily for coating heavy - 
gage material. Operational details are discussed below. 

The starting material, which may be, for example, 
5,000 to 50,000-lb. coils of full-hard cold -reduced strip 
steel, is fed from an uncoiler either of the single- 
mandrel or of the double-mandrel type, directly 
through pinch rolls to a squaring shear. A leveler may 
be used to fiatten the head end of the strip prior to 
shearing. From the shear, the strip advances to a welder 
where the tail end of the coil being processed is at- 
tached to the head end of the new coil. Lap, butt or 
mash welders are used for this operation. 

Following the welder, the strip enters the cleaning 
unit where residual cold-mill lubricant and any mill 
dirt picked up by the surfaces of this strip in prior 
processing or storage is removed. Dipping and scrub- 
bing with a hot alkaline solution is used for this pur- 
pose on some of the lines; electrolytic alkaline cleaning 
on the others. Polarity of the strip during electrolytic 
cleaning, the nature and concentration of the cleaning 
agent and other cleaning conditions vary. Cleaning is 
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bottom pan shows the finishing end of the line. 



Pio. 39—13. A modern, continuous galvanizing line for applying zinc coatings to cold-reduced strip steel in coil form. 
This particular line was designed to handle heavy-gage material. 
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followed by rinsing and drying. The strip is moved 
through the foregoing equipment by the drive bridle, 
at the end of the cleaning station, which feeds the clean, 
dry strip into a slack accumulator. A looping pit, 30 to 
90 feet deep, as shown in Figure 39 — 12 is usually pro- 
vided for this purpose; where excavation is impractical 
a tower-type or a horizontal car-looper is used. The 
speed of the drive bridle is automatically controlled to 
maintain a desired length of loop in the pit and the 
slack so stored permits the input end of the line to be 
stopped for the joining operations without affecting the 
operation of the other sections of the line. 

Strip is pulled out of the looper by a tension bridle 
and passes into the annealing furnace. The latter is 
heated either by gas or electrically and is divided into 
several independently controlled zones that can be 
operated in such a manner as to permit the strip to 
attain the desired annealing temperature in the furnace 
and yet enter the coating metal at but slightly above 
bath temperature (thus maintaining the coating bath 
at operating temperature). A mixture of cracked am- 
monia and NX gas is maintained within both heating 
and cooling sections of the furnace to prevent oxidation 
of the strip in process. The discharge end of the furnace 
extends below the surface of the molten zinc and the 
gases, which may be introduced at several points along 
the length of the furnace, flow counter to strip move- 
ment to escape at the entry end of the furnace. Furnace 
atmosphere is maintained at a positive pressure of ^ 
to 1 inch of water. A considerable portion of the gas 
is introduced near the end of the last cooling zone to 
aid in cooling the strip and to insure a non-oxidizing 
environment for the strip and zinc at their point of 
initial contact. 

When starting operation, the metal in the coating pot 
is melted either with gas or electric heat. As stated 
earlier, the pot is kept at operating temperature by heat 


that is carried into the bath of molten metal by the strip. 

The coating pot contains a sinker roll for submerging 
the strip in the bath, as well as exit rolls for controlling 
the thickness and distribution of the coating. The exit 
rolls are driven and are mounted to operate about half- 
submerged in the zinc. As in sheet practice, weight of 
coating is controlled by adjusting the pressure between 
the rolls and the relative position of the rolls with re- 
spect to the level of zinc in the pot. 

From the exit rolls, the strip passes vertically up- 
ward to a large-diameter roll mounted at the top of a 
cooling tower. Forced-air blasts are directed against 
the strip to assist in solidifying the coating before it 
reaches the tower roll. Air blasts may also be used on 
the downward pass. 

The coated strip, after returning downward from the 
tower, passes through a drive-bridle assembly that fur- 
nishes the necessary tension to pull the material 
through the annealing and coaling units. Space is usu- 
ally provided immediately ahead of this drive unit for 
any special treating facilities, provision being made to 
by-pass or withdraw such apparatus when not in use. 

At the finishing end of a continuous galvanizing line, 
operations are usually of such a nature as to require 
occasional interruption. For this reason, looping facil- 
ities similar to those described for the entry portion of 
the line generally are provided. For producing coiled 
galvanized strip, a roller leveler and recoiler may fol- 
low the looper. For producing cut-length sheets, a 
flying shear equipped with suitable pinch-roll and 
leveling equipment is used after the looper. At the dis- 
charge end of the line, a sheet leveler may be used to 
flatten the sheets before preparing them for shipment. 

Various automatic devices are installed in the finish- 
ing section to facilitate handling and assorting; these 
include automatic reject and prime pilers following the 
inspection table. 


SECTION 5 

TESTING GALVANIZED SHEETS 


The weight of coating on a galvanized sheet is de- 
termined by weighing a 2^4 -inch square test piece or a 
2.539-inch diameter circular-disc test piece, dissolving 
the coating in hydrochloric acid containing antimony 
chloride as an inhibitor, and reweighing the washed 
and dried test piece. The weight loss in grams is nu- 
merically equal to the coating weight in ounces per 
square foot of sheet. Triple-spot tests selected from the 
center of the sheet and from two diagonally opposed 
comers may be used for sheet material, and edge- 
center-edge spot tests may be used for the continuous 
product. It is customary to obtain edge spot tests two 
inches inward from the actual edge of the sheet or 
strip. 

Bend tests are sometimes used for determining coat- 
ing adherence and basc-metal formability, especially in 
heavy-gage galvanized sheets. The bend, which may be 
made in a vise or punch press, is generally a full angle 
of 180® around a specified number of sheet thicknesses 
of the same gage as the test piece. 

The beading test is commonly used for testing coating 
adherence in light-gage material. The width, depth, and 
radii of the beads vary somewhat throughout the in- 
dustry, although definite standards have been estab- 
lished by individual operators. In conducting the bead- 
testing operation, the impressions may be made to cross 
each other or run straight along the edge of the test 
piece, depending upon the severity of the test desired. 


The iockscam test is used quite extensively in the 
sheet-galvanizing industry for testing coating adher- 
ence. For sheets that are to be used for seaming, the 
test also serves as a check on the formability of the base 
metal. 

Tensile properties of the base metal are determined 
by the standard tension test using an 11/16-in. by 8-in. 
specimen machined in the center to a 0.5-in. width 
In this test the yield point, ultimate strength and per- 
centage of elongation in a 2-in. gage length are meas- 
uied. 

The Rockwell “B” hardness of the base metal is de- 
termined by subjecting a stripped sheet to the standard 
Rockwell testing procedure. 

^ The Olsen cup test can be used to obtain an indica- 
tion of the drawing properties of the base metal as well 
as the adherence of the coating. 

Ferritic grain size can be determined by polishing 
and etching a longitudinal section of the base metal and 
comparing the microscopic grain structure with that of 
the proper standard grain-size chart. 
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Chapter 40 

THE MANUFACTURE OF STEEL WIRE AND 
STEEL WIRE PRODUCTS 


SECTION 1 

HISTORY AND IMPORTANCE OF STEEL WIRE 


Historical — In general, wire is a term that may be 
applied to any metallic shred, thread, or filament, or to 
any exceedingly slender rod or bar of metal having 
a iiniform cross section. Considering the term in this 
sense, wire is of very ancient origin. Gold wire is 
mentioned in the Bible in connection with the 
sacerdotal robes of Aaron, and was used to form 
part of a necklace, found at Denderah, which bears the 
name of the Pharaoh who reigned in Egypt about 2750 
B.C. Evidences of the use of wire by the Assyrians and 
Babylonians as far back as 1700 B.C. have also been 
found. 

As to the methods of manufacture used by these 
ancient peoples, practically nothing is known. The speci- 
mens of ancient wire that have been found so far are 
flat, and it is probable that they were produced solely 
by hammering. 

How, when or of what material round wire was first 
made is not known. No doubt it was first produced by 
hammering, but the difficulty of forming a fine round 
wire by this method probably caused the metalworkers, 
early in the history of the art, to seek some better 
method. An old Latin manuscript written by Theophilus 
sometime during the 8th and 9th centuries describes a 
method of making wire of an alloy of lead and tin, 
which was cast into an ingot, hammered into a long 
slender bar and drawn through holes in a wire-drawing 
plate. 

The draw plate, itself, is described as “a piece of 
iron three or four fingers wide, smaller at the top and 
bottom, rather thin and pierced with three or four rows 
of holes through which wire may be drawn.^’ However, 
there is reason to believe that the art of wire drawing 
was known and practiced before this time. 

The chain armor used by the knights in the great 
crusades against the Saracens and Turks is thought by 
many to have been made of drawn wire. Other authentic 
records are available to show that wire drawing on a 
commercial scale was practiced in France in 1270, in 
Germany in 1350 and in England in 1465. The first wire- 
drawing mill in this country was built in 1775 by 
Nathaniel Miles at Norwich, Conn. But, though three 
other mills, two of which were in Pennsylvania, were 
started during the next twenty years, none of these 
appear to have been very prosperous, for in 1820 prac- 
tically no wire was being made in this country. In 1831, 
however, the industry was reestablished in this country 
by Ichabod Washburn of Worcester, Mass., who, with 
Benjamin Goddard, founded the firm of Washburn, 
Moen and Company. 

Present Importance of Steel Wire Industry— From that 
date, 1831, the wire industry grew very rapidly. Aside 


from the great quantities of wire made from other 
metals, such as copper and brass, the present annual 
production of steel wire alone is astonishing. For normal 
years, the production of steel wire rod now is about 
5,500,000 tons. This tonnage represents about one- 
twentieth of all the steel produced in the country, and 
if it were all drawn into No. 12 gage wire, which is 
about average, it would have a total length of more than 
70,000,000 miles or enough to girdle the earth about 
2,800 times. The causes contributing to this growth were 
many and cannot be discussed in detail here, but they 
may be grouped or classified about as follows: (1) The 
great number of purposes to which wire, particularly 
steel wire, is adapted. (2) Development of invention.s 
requiring great quantities of wire. (3) Improvements 
in the methods of producing steel and steel wire. It 
need not be pointed out that these causes are inter- 
dependent. 

New demands stimulated efforts to improve the meth- 
ods of manufacture, and as these improvements re- 
sulted in the bettering and the cheapening of the 
product, new uses were found for it. 

Principal Uses of Steel Wire — The adaptability of wire 
to the manufacture of household articles of common use 
has expanded until it has become known as the steel 
product of 150,000 uses. These articles, including such 
items as pins, needles, brooms, strainers, hooks, egg 
beaters, toasters, etc., are almost indispensable to our 
comfort. Of the many inventions developed since 1820 
that make use of large quantities of wire, only a few of 
the most important can be mentioned here. Hie first of 
these was wire rope. Rope made of bronze or brass wire 
is known to be of ancient origin, while iron wire rope 
was used in Europe as early as 1820. The first wire rope 
manufactured in this country was made in 1840 at 
Saxonburg, Pa., by John A. Roebling, founder of the 
firm of John A. Roebling’s Sons Company. In 1844 the 
first telegraph line, extending from Washington to 
Baltimore, was completed by Professor Morse, but for 
more than ten years the growth of the telegraph was 
hampered because the wire essential in the construction 
of the lines could be produced only in short lengths, 
which required much time and labor for splicing. 

The use of crinoline wire, a high-carbon heat-treated 
wire, for hoop skirts has been cited by some as a novel 
use of the product and as a great boon to the industry, 
but is better as an example of the unstable character of 
a business that depends on fashions. Starting about 1860, 
this business, for the next ten years, consumed about 
1500 tons of wire annually, but suddenly collapsed with 
the passing of the hoop skirt in 1870. This was not to be 
the last time that fendnine fashions would play a part 


674 



STEEL WIRE AND WIRE PRODUCTS 


in the wire industry* for in 1916 some 15,000 tons of 
wire were being consumed annually in the manufacture 
of corsets and several hundred tons for hair pins, but 
these have largely disappeared as did the crinoline wire. 

The collapse of the crinoline-wire business was 
replaced by more staple articles, for in 1868 the first 
patents were obtained on the use of wire for bale ties 
and barbed wire for fence. Both these articles came 
quickly into wide use, the latter article being especially 
useful in fencing the great imwooded lands west of the 
Mississippi River, which were rapidly being brought 
under cultivation about this time. By 1876 the develop- 
ment of the telephone had reached the practical stage, 
and began to create a demand for more wire of the 
same type used by the telegraph. It was in 1879 that 
the beneficial effect of sulphur on machinability was 
discovered, and the manufacture of high-sulphur screw 
stock was begun. Chas. H. Morgan also began the manu- 
facture of coiled-wire springs in this year. In 1884 
woven-wire fence was first made by machinery. This 
fence, of which there are now several types, fulfilled 
all needs that could not be met with barbed-wire or 
straight-wire fence and possessed all the advantages of 
any fence that could be constructed of wood, hence it 
was soon being used in all parts of the country. In 1851 
the first American-made wire-nail machine was built 
by Thomas Morton; in 1875 the first steel- wire nails 
were made; and in 1888 the production of the wire nails 
exceeded that of the cut nail for tlie first time. Today, 
about twenty times as many wire nails as cut nails arc 
made, and about one-fifth of all the steel wire produced 
is made into nails. Since 1890 no inventions making 
such unusual demands upon the wire industry have ap- 
peared, so that these items, with the two or three ex- 
ceptions noted, remain the backbone of the stool-wire 
industry. However, innumerable items employing steel 
wire in smaller quantities have been developed, which, 
added to the rather rapid growth of these principal 
lines, have contributed to a continual expansion in the 
industry. 

The extent of this expansion can be judged from the 
fact that the production of steel wire in 1923 was more 
than twice that for 1903. 

Early Method of Manufacture — The methods employed 
at the time of the introduction of wire drawing into 
this country were wholly inadequate to meet tlie de- 
mands that were soon to arise. As the Bessemer and 
open-hearth processes for making steel were then un- 
known, practically all wire was made from wrought 
iron, or the softer metals like copper, brass, bronze, etc., 
though crucible steel in softer tempers was also used. 
Practices varied somewhat in different localities, and 
detailed descriptions of the operations are lacking but, 
from information gleaned from different sources, the 
process and operations for drawing wrought-iron and 
steel wire appear to have been about as follows: Starting 
with a small square bar or billet, the metal was heated 
and hammered into as small a round as practicable, 
say to % inch in diameter and some 6 to 10 feet in 
length. One end of this rod was tapered to a size a 
little less than the hole in the die through which the rod 
was to be drawn. The rod was then scoured bright with 
a piece of sandstone or other abrasive. In the case of 
iron and steel, it was early discovered that this cleaning 
of the rod was not only essential to good work but 
was well worth the trouble, for the hard scale, when 
not removed, soon scored the die. Then, the tapered 
end of the rod was inserted in the proper hole of a 
draw plate made of cast iron or hard steel, where it 
was grasped with a pair of tongs attached to a lever, 
and the rod was drawn through the hole a few inches at 
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a time, about 5 inches at each stroke being the com- 
mon practice. The lever could be operated either by 
hand or by water power, and the rod, as it passed 
through the hole, was generally lubricated with butter 
or other grease, to facilitate the drawing and save the 
die as much as possible. After the first draft, the opera- 
tion was repeated through progressively smaller holes 
in the draw plate until the wire was drawn to the size 
desired or until it became too hard and brittle for 
further drawing. If the wire was to be drawn to still 
finer sizes, it was annealed at a red heat, generally in an 
oven sealed off from the air, after which the thin coat 
of oxide thus formed was removed by tumbling with 
a mixture of sand and water, or by immersing the wire 
for some time in sour beer or fermented barley water. 
The machine for drawing this fine wire differed some- 
what from that used for drawing the rod. The draw 
plate was mounted on a table or bench in front of a 
drum or block that could be revolved by a hand- 
operated crank and gear drive. After pointing, the end 
of the wire was inserted into the die and drawn through 
by tongs, until it could be attached to the drum. Then, 
by revolving this drum, the drawing of the wire could 
be performed in one continuous operation, the wire 
being wound about the drum and thus drawn through 
the die. 

Improvements in the manufacture of iron and steel 
wire have kept pace with the demands. In connection 
with this statement, it should be noted that the basic 
principles of wire making have remained unchanged. 
As already indicated, the process consists essentially 
in drawing a rod or a slender piece of the metal through 
a tapered hole in some harder material, or successively 
through a series of such holes. It involves the applica- 
tion of force in the simplest manner, a straight pull, and 
the use of one of the simplest tools, the wire-drawing 
die. The efficiency of the latter and the simplicity of 
both these elements have left little room for improve- 
ment, and many doubt the possibility of finding a substi- 
tute for the process that will do the work so well. The 
improvements that have been made pertain to the ac- 
cessory equipment and to the complementary operations, 
rather than to the process of wire drav/ing itself. Thus, 
the need for long lengths was met not by any radical 
change in the wire-drawing process, but by changing 
the method of producing the wire rod. As long as the 
rod was made by hammering, it was too short to coil, or 
draw with a block; but when the need for long lengths 
began to be felt, efforts were made to roll the rod. About 
3840, Washburn succeeded in adapting the wire-drawing 
block to coarse-wire drawing. This block was power 
driven, and provided a means not only of applying a 
greater pulling force continuously to the rod, but also 
of storing the wire as it was drawn through the die. 
This development made it desirable to use very long 
rods, and this demand was met first by the invention of 
the three-high mill about 3857, which was succeeded by 
the Morgan continuous mill about 1875 and the Garrett 
rod mill in 1882. 

Another important development was the substitution 
of soft steel for wrought iron, made possible by the 
invention of the Bessemer and the open-hearth proc- 
esses for steelmaking. This change was inaugurated in 
this country by the Washburn and Moen Manufacturing 
Company at Worcester, Ma.ss., in 1871. Important im- 
provements in methods for handling, cleaning, coating, 
or lubricating the rod, and in heat treating and finishing 
the wire, were also made. 

This brief historical review serves as an introduction 
to the study of the manufacture of steel wire as it is 
carried on today. 
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SECTION 2 

CLASSIFICATION OF STEEL WIRE 


Bases for Classification — Steel wire products are clas- 
sified in various ways, as indicated in Table 40—1. From 
tlie standpoint of a manufacturer, the factors of greatest 
interest are the kind and grades of steel; the size, shape 
and mechanical properties of the wire; and the methods 
of drawing and treatment. In commercial transactions, 
classifications based upon mechanical properties of the 
wire, its treatment and finish, and its commercial ap- 
plications are of most interest. The following brief 
descriptions are intended to assist the reader to a better 
understanding of the classes listed in the table. 

Kinds and Composition of Steel Used for Wire — ^The 
steel for wire is produced by all the modern processes, 
including the basic open-hearth, Bessemer, and electric- 
furnace processes. Some special grades of wire are still 
made from Swedish wrought iron. Plain carbon steels 
chiefly are produced by the basic open-hearth, and 
Bessemer processes; mainly stainless steels and alloy 
steels for certain special-purpose wires are made in 
electric furnaces. 

By properly selecting and handling the plain carbon 
steels in drawing and heat treating, it is possible to 
develop a wide range of mechanical properties. Ordi- 
narily, sulphur and phosphorus are kept within the 
usual limits for each grade of steel, while the silicon, 
manganese, and carbon contents are varied according 
to the mechanical properties desired. Occasionally, the 
sulphur content will be increased to improve the cutting 
qualities (machinability) of the steel. 

In recent years, there has been a constantly increasing 
demand for wire possessing properties that cannot be 


Table 40 — I. Kinds and Classes of Steel Wire 


Classification, according to: 

Method of making the steel— Basic open hearth, Bes- 
semer, basic electric furnace, and acid electric fur- 
nace. 

Compositions of steel — Low carbon (C1006, C1008, 
ClOlO, C1012, B1006 and BlOlO) , medium low carbon 
(C1013 to C1022, inclu.sive), medium high carbon 
(C1025 to C1041, inclusive), high carbon and alloy 
steel. 

Shape — Round, half-round, oval, half-oval, square, 
rectangular, hexagonal, crescent, triangular, etc. 

Method of drawing — Dry-drawn, wet-drawn, single- 
draft drawn and continuous drawn. 

Size — Common wire or coarse wire, fine wire. 

Treatment and finish — Bright (hard dry-drawn), bright 
soft (annealed in process; processed wire), nor- 
malized (pre-normalized), spheroidized, extra 
smooth clean bright, sull coated, annealed, black 
annealed (pot annealed), strand annealed (lead 
annealed), bright annealed, lime bright annealed, 
patented, oil tempered, liquor finished (coppered or 
bright coppered wire), galvanized, tinned, aluminum 
coated. 

Cses or commercial applications — Armor wire, bale -tie 
wire, bolt wire, broom wire, cold-heading wire, 
concrete reinforcement, fence wire, music wire, 
piano wire, poultry netting, rope wire, spring wire, 
telephone wire, telegraph wire, tire wire, welding 
wire, wool wire (for steel wool), special wires, 
miscellaneous wires. 


obtained by cold working and heat treating plain carbon 
steel. This demand has been met by the addition of 
alloying elements, such as nickel, chromium, manganese, 
silicon, vanadium, tungsten or combinations of them. 
Many of these alloy steels can be produced satisfactorily 
by the basic open-hearth process. For those that cannot 
and for the stainless steels containing large percentages 
of chromium and nickel, electric furnaces of the arc 
type are commonly used and, to a decreasing extent, the 
induction type of electric furnace is sometimes used. 
Each of these processes produces steel having the best 
properties for certain purposes or kinds of wire. 

Wire Shapes — While wire is ordinarily thought of as 
being round, i.e., with a circular section, it may have 
any one of an infinite number of sectional shapes, as 
required by the particular use for which it is desired. 
After the ordinary round wire of circular section, the 
most common shapes are square, hexagon, octagon, 
oval, half-oval, half-round, triangular and flat. Besides 
these regular, or symmetrical, shapes, wire is also made 
in various odd and irregular shapes for specific purposes. 

The American Iron and Steel Institute (AISI) Steel 
Products Manual, Section 17, defines a flat wire as a 
cold -rolled product, with a prepared edge, rectangular 
in .shape, i/^-inch or less in width, under V^-inch in 
thickness. “Low-carbon steel flat wire is generally 
produced from hot-rolled rods or specially prepared 
round wire, by one or more cold-rolling operations, 
primarily for the purpose of obtaining the size and 
section desired and for improving surface finish, dimen- 
sional accuracy and varying mechanical properties 
Low-carbon steel flat wire can also be produced by 
slitting cold-rolled flat steel to the desired width. The 
width-to-thickness ratio together with the specified 
type of edge generally determine the process which will 
be necessary to produce a specific flat wire item.” Those 
edges, finishes, and tempers obtainable in flat wire are 
similar to those furnished in cold-rolled strip. 

Sizes of Wire — ^The size of round wire is determined by 
its diameter, which is expressed in absolute units, or 
decimal parts thereof, or by gage numbers. In this 
country the absolute unit is the inch, and the diameter 
is obtained by a micrometer capable of making measure- 
ments accurate to at least one thousandth of an inch. 
As stated in Chapter 50 on gages, there are several dif- 
ferent gages in effect for the measurement of wire. The 
size of music wire is expressed in gage numbers of a 
.system known as the Music Wire Gage (M.W.G.), 
which is the standard for this wire. For iron and steel 
telephone and telegraph wire, the standard gage is the 
Birmingham Wire Gage (B.W.G.), while for copper elec- 
trical wire the Brown and Sharpe Gage (B.&S.G.), 
also known as the American Wire Gage (A.W.G.), is 
largely employed. With these notable exceptions the 
gage used by the American Steel and Wire Division of 
United States Steel and by many other manufacturers of 
steel wire, is the United States Steel Wire Gage (U.S. 
StlW.G.), or the Steel Wire Gage (Stl.W.G.), and all 
unidentified gage numbers used in this chapter will 
refer to this gage, which is shown in Table 40—11. 

The size limits for the product commonly known as 
wire range from approximately 0.005 inch to imder 
1 inch for roimd sections, and from a few thousandths of 
an inch to approximately % inch for square sections. 
Larger roun^ and squares, and all sizes of hexagonal 
and octagonal shapes are commonly known as bars. 
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Table 40—11. American Steel & Wire Gage 
(Decimal Sizes and Feet Per Pound) 
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ClassiOcation of Common Round Wire According to 
Size — As wire may include a wide range of sizes, its 
classification has been governed somewhat by manu- 
facturing equipment and methods of handling. It nor- 
mally is separated into two broad groups known as 
coarse and fine wire. The fine-wire classification is 
usually recognized as including 16 gage and smaller 
wire, normally produced in 8-inch diameter coils. Coarse 
wire includes sizes 20 gage and coarser, normally drawn 
on 16-inch, 22-inch and 26-inch or 30-inch blocks. The 
distinction is not clearly drawn for 16 to 20 gage, in- 
clusive, as this range is commonly regarded as coarse 
wire for some end uses, and as fine wire when made by 
a different manufacturing practice for other end uses. 
The most commonly used wire sizes are those drawn 
from a % 2 -inch rod to 8 to 20 gage, inclusive. 

Surface Finishes of Wire — A variety of finishes on the 
wire may be obtained by controlled processing in manu- 
facture. The more common finishes are usually desig- 
nated as bright, black annealed, liquor finished, cop- 
pered, tinned, galvanized, aluminum coated, and painted 
or enameled. For certain specific uses, a drawn alumi- 


num coated or a drawn galvanized finish is sometimes 
produced, by cold drawing the wire one or more drafts 
through a die after coating. The bright finish is 
obtained by dry drawing, liquor finish by wet drawing, 
black annealing finishes by oxidation of the surface in 
heat treatment, while the tinned, galvanized and painted 
finishes are produced by subjecting the wire to a coating 
process as a final operation. The methods used in pro- 
ducing these different finishes will be developed more 
fully in the description to follow. 

Temper of Wire — In the wire industry, temper is a 
word used in referring to the hardness, stiffness and 
strength of wire. The temper is affected by the amount 
of carbon, manganese and phosphorus, or other alloying 
element present in the steel, the amount of cold drawing 
without annealing, and the heat treatment given the 
wire. Thus, increasing the carbon content of the steel 
or submitting the wire to drawing operations increases 
the temper, while heat treating may either harden or 
soften the metal, according to whe^er it is heated to 
the hardening-temperature range and quenched, or an- 
nealed. The strength and hardness of low-carbon, 
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medium-low carbon and medium -high carbon wires are 
regulated by drawing and annealing operations, and of 
high-carbon wires by drawing and patenting operations. 
The tempers of low-carbon wires are usually expressed 
as hard, medium hard, bright soft, soft and extra soft. 
Thus the hard temper is obtained by drawing through 
several dies in succession without annealing to obtain 
considerable reduction, medium hard by drawing 
(usually fewer drafts) to obtain somewhat less reduc- 
tion or, in some instances, by subjecting hard temper 
wire to a partial or “slack” annealing, bright soft by 
giving the wire one light pass through the die after 
annealing, and soft and extra soft by annealing after 
drawing to size. Thus it will be seen that by properly 
correlating all these factors— composition, drawing, and 


heat treatment — the mechanical properties of steel wire 
may be varied over a wide range of hardness, strength, 
toughness, ductility, or softness. As an illustration of 
the possibilities in varying these properties, there may 
be cited the strength of steel wires, which are regularly 
made with tensile strengths varying from 50,000 to as 
high as 500,000 pounds per square inch for the smaller 
gages of high-carbon wire. It must be remembered, how- 
ever, that, with but one exception, whatever is done to 
strengthen the metal will decrease its ductility, and 
vice versa. 

The exception refers to the special heat treating proc- 
ess known as patenting, which may, under certain con- 
ditions, increase both the strength and ductility of the 


SECTION 3 

ROLLING THE WIRE ROD 


The Wire Rod — The slender rods or bars of metal 
from which wire is drawn are known as wire rod, and, 
as already indicated, all steel wire rod is now produced 
by hot rolling. It may be made in various shapes and 
sizes, but for common wires and fine wires, i.e., No. 8 
and finer, %i>“iuch round rod may bo considered as the 
standard. This size rod is the smallest round that is 
practicable to produce on a rolling mill and, while the 
diameter may vary, it is nominally 0.218 inch. For large 
wires the rod will, of course, be somewhat larger than 
the wire to be made from it. As the rod comes from the 
rolling mill, it is wound into coils. These coils are 
usually about thirty inches in diameter inside and weigh 
from 300 to 1200 pounds each. Each coil represents tixe 
rod made from a single billet, and its weight, therefore, 
is determined by the weight of the billet used. While 
the wire rod represents a finished product of the rolling 
mills, it constitutes the raw material used in the wire 
mill and should be considered as the first step in the 
making of wire, for upon the kind and quality of the 
rod depend largely the kind and quality or grade of 
wire drawn from it. Physical defects in the rod will 
either cause failures in drawing or remain as more 
minute defects in the wire. While some wire mills obtain 
their rods from outside sources, many mills, especially 
the larger plants, roll their own rods. 

Types of Rod Mills — ^After it has been made according 
to specifications, the steel for wire is cast into ingots 
and rolled on the blooming mill in the usual manner. 
In some cases the blooming mill is succeeded by a billet 
mill, and the blooms are rolled into billets inches 
square or less in size. Frequently the product of the 
blooming mill is a 4-inch by 4-inch billet, which is cut 
into lengths to give the weight desired, allowed to cool, 
inspected, reheated, and then rolled directly into rods. 
As pointed out in the first section of this chapter, the 
demand for wire in exceedingly long lengths and in 
large quantities has led to the development of special 
mills for rolling the rods. These mills are of four dif- 
ferent types, known as: (1) the Morgan, or continuous, 
rod mill, (2) the Garrett, or looping rod mill, (3) the 
combination, or combined continuous and single Belgian, 
rod mill, and (4) the double Belgian rod mill. Of these 
the first two employ fundamentally different principles 
of roll arrangement, hence will be described somewhat 
in detail. 

The Continuous Rod Mill represents a development 
which in this country began about 1870. At that time 
the mill most generally employed for rolling rods was 
the single train Belgian, or looping, mill. This mill, while 


it represented a great improvement over the single- 
stand three-high mill, was comparatively inefficient 
and was limited as to the length of rod it could roll 
Since all the rolls were run at the same speed, the billets 
could be roughed down much faster than the rod could 
be finished, and, owing to the loops formed and the 
length of time required for the piece to pass through 
the finishing rolls, tJie rod would become too cold to 
finish if its length exceeded certain limits. In 18G9, 
however, the Washburn and Moen Manufacturing Com • 
pany erected at their Grove Street Works, Worcesicr. 
Mass., an entirely new typo of mill, which had been 
patented in 1862 by George Bedson of Manchester, Eng- 
land. This mill consisted of a number of pairs of hori- 
zontal rolls and an equal number of vertical rolls ar- 
ranged in a series so that the first, third, and succeeding 
stands of odd number were horizontal, while the second, 
fourth, and other stands of even number were vertical. 
This arrangement of the rolls made the draft in any 
stand at right angles to that in the succeeding stand, 
and overcame the necessity of giving the piece a quarter 
turn between passes, as in the looping mill. Then, by 
placiiig the stands as close together as possible, he was 
able to drive the mill through two long shafts, on each 
of which was mounted a system of gears, whereby the 
rolls of each stand beyond the first was made to re- 
volve at a rate definitely faster than the stand preceding 
This system of driving was to regulate the speed of the 
different stands so that the peripheral speed of the 
rolls in each would be the same, or nearly the same, 
as the linear speed of the bar, which increases after 
each pass due to the elongation. In this way the looping 
of the rod between passes was avoided, and a billet 
once started in the first stand was rapidly carried 
through the mill in a straight line, being thus rolled 
into a rod in one continuous operation. This mill met all 
expectations as to speed and length of rods rolled, but 
its output was restricted at first, because the rods could 
not be coiled and taken out of the way as rapidly as the 
mill could produce them. But C. H. Morgan, who was 
then general manager for Washburn and Moon, soon 
overcame this difficulty by devising a power traction 
reel for coiling the rods. This was the beginning of the 
development of the automatic reels, which will be de- 
scribed later. 

The Morgan Mill— While the Bedson mill represented 
a great advance in rod rolling, it possessed certain 
mechanical features which were objectionable. Its chief 
faults were found to be due to the vertical rolls. They 
were not easily kept in adjustment, and the shaft and 



679 


STEEL WIRE AND WIRE PRODUCTS 


gears for driving them were all beneath the mill floor. 
The scale and water from the rolls fell upon these gears 
and bearings and caused excessive wear, which, com- 
bined with the difficulty of getting to them under the 
floor, made them a source of much trouble. After a few 
years* experience with the Bedson mill, therefore, Mor- 
gan and his associates developed the twisting guide, 
by means of which the vertical rolls could bo eliminated 
and horizontal rolls substituted for them. This was a 
closed delivering guide in which the grooves were cut 
m a spiral, so that with this guide properly mounted 
after any pass the piece was forced through it and 
twisted a quarter turn before it entered the next pass. 
Besides overcoming most of the disadvantages of the 
Bedson mill, this Morgan plan presented the additional 
advantage of more than one rolling line, that is, of 
rolling two or more rods side by side at the same time 
and on the one set of rolls. This plan of increasing the 
capacity of the mill, however, increases the difTiculty 
of keeping such mills in adjustment, and was not taken 
advantage of until some years after the erection of 
Morgan’s first mill. Even with a single rolling line, the 
development of the mill to a practical basis of operation 
presented some difficult problems. It is evident that 
such a mill requires very fine adjustment of the draft, 
roll diameter, and speed of rotation, for these factors 
are brought into close relation. The relations of all 
these factors can be determined by proper mathematical 
calculations, but as the draft fixed by the grooves in the 
rolls is affected by the adjustment of the rolls, the 
temperature of the bar, the composition of the steel, 
and changes with the wearing of the grooves and bear- 
ings, much difficulty was at first experienced in getting 
the mill adjusted so that the piece would not loop or 
jam between the different stands of rolls. This was 
particularly true in the case of the last few roll stands 
of the high-speed finishing mill. This difficulty was 
finally solved by increasing the speed of the rolls enough 
to keep the rod under slight tension at all times, and by 
making the bottom as well as the top roll adjustable as 
explained under the heading of continuous billet mills. 

Modern Continuous Rod Mills — Since the time of 
Morgan’s first mill, various improvements have been 
made, not so much in the mill itself as in the auxiliary 
equipment. These improvements have made it possible 
to produce a more nearly perfect rod in greater and 
greater tonnages. The delivery speed of modern con- 


tinuous mills rolling %2-inch rod ranges from 3700 to 
6000 feet per minute. The actual output of a mill depends 
upon conditions and the number of rolling lines, which 
w<is formerly one or two, and in recent years has been 
increased to three or four. The number of stands of 
rolls in a mill and, to a considerable extent, the general 
layout of the mill, depends upon the size of the billets 
used and rod size to be rolled therefrom. As previously 
pointed out, there are several standard sizes of billets, 
1%, 2, 21/2, and 3V4 inches square. 

Layouts for Rolling Small Billcls — From the stand- 
point of general efficiency, accuracy, and uniformity in 
size of the product, continuous rod mills are designed, 
preferably, to roll billets from l'^^4 to 3V4 inches square 
and approximately 30 feet in length. This length fits 
the former standard railroad freight car, while the 
section is about the largest that can bo rolled satis- 
factorily without a reheating or increasing the speed of 
the mill beyond the limits of safety and practicability. 
To work these sections into a % 2 -mch rod (t).218-inch) 
without unduly increasing the danger of developing 
rolling defects, requires from 16 to 23 passes. For straight 
continuous rolling, that is, where the rolls are all in 
the same straight line, these passes are split into two 
groups, known as the roughing and the finishing sets 
(Figure 40—1). The roughing set consists of 6 to 9 
stands of rolls, the first of which is set as near to the 
discharge door of the heating furnace as possible, usually 
within 6 to 12 feet. Since the furnace is of the continuous 
side-discharge type, this arrangement makes it pos.sible, 
without removing the billet entirely from the furnace 
to push one end into the rolls, which then withdraw it 
no faster than it is being rolled. Immediately following 
the last roughing stand is a flying shear, which permits 
the cropping of bad ends before the billet enters the 
high-speed finishing sets. To provide space for these 
and also for a little slack between the two groups of 
rolls, so as to make it easier for the roller to keep the 
mill in proper adjustment, the first stand in the second 
group is placed about 20 to 30 feet from the last roughing 
stand. The second group of rolls contains 10 or 12 stands, 
the last of which is known as the finishing stand. Fol- 
lowing the finishing stand, tube-like pipe guides are 
provided for conducting the rod to the reeling machines 
which are located some 20 to 60 feet beyond and usually 
number twice the number of rolling lines or strands. 
The chief advantages in this arrangement lie in its 
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Fig. 40—1. Plan and layout of continuous rod mill for 2-inch billets, including reels and part of the rod bundle con- 
veyor. 




680 


THE MAKING, SHAPING AND TREATING OF STEEL 


compactness, which aids in maintaining uniformity of 
rolling temperature and provides for a choice of different 
methods of driving. The control of temperature pos- 
sible is evident from the fact that at the time the for- 
ward end of the rod reaches the reels, about one-half 
of the billet is still in the furnace. For driving the 
mill, two motors, one for each group of rolls, may be 
used, but some mills of this type are driven through two 
shafts connected by gears to a single motor or steam 
engine. 

The Looping Continuous Mill — ^To provide greater 
flexibility and make it easier to keep the mill adjusted, 
in some recent installations of continuous rod mills, 
the finishing group of rolls also has been split up into 
three smaller groups of four, two and four stands each. 
The two-stand group is both preceded and followed by 
180-degree loops. The roughing rolls and the first four 
intermediates are in the same straight line, and driven 
in the usual way by a single motor, while the next two 
groups, driven by another motor, stand in two separate 
lines parallel to the first line, with the two-stand group 
a little in advance of the finishing stands. Since the roll 
speeds are adjusted to the elongation of the piece being 
rolled, the loops, once formed, increase very little in size, 
and cooling of the rod through this exposure is very 
slight and uniform for each unit of its length. Also, this 
placing permits ironing out some of the effect of tension 
in the early part of the mill. 

Layouts for Rolling 4-lnch by 4-Inch Billets — Al- 
though the continuous mill is best adapted to roll small 
long billets, local conditions frequently make it desirable 
or necessary to start with a larger size of billet. To 
meet such conditions, many continuous mills have been 
designed to use 4-inch by 4-inch billets. In designing 
those mills, the engineers have developed two plans. In 
one of these an additional group of roughing or 
breaking-down rolls is provided, and the rod is rolled 
directly from the billet, as in the straight continuous 
plan for small billets. The plan has some drawbacks, the 
chief of which may be noted as follows: If all the rolls 
are speeded to correspond to the elongation of the bar, 
the speed of the first roughing group is very slow. Even 
with the finishing roll revolving at the rate of 1350 r.p.m., 
the speed of the first roughing rolls, with a roll diameter 
of 14 inches, would be close to 3 r.p.m. The long time 
the piece is thus kept in contact with the cold rolls 
results in cooling it to a point where it becomes difficult 
to finish. If the first roughing group is speeded up, then 
the piece must be held ahead of the first intermediates 
and is cooled even faster and more unevenly than in 
the former instance. In some cases a solution to this 
difficulty has been sought by placing a heat retainer, 
a long narrow brick chamber heated by gas, between the 
roughing and intermediate groups. By passing the billet 
through this chamber slowly some of the heat lost in 
the previous rolling may be restored before it enters 
the intermediate sets of rolls. But tlie best plan involves 
the use of a reheating furnace between these two groups 
of rolls. In this plan, which is in effect equivalent to 
placing a billet mill before the usual straight con- 
tinuous rod mill, the first group of rolls, consisting of 
several stands driven by a separate motor or engine, 
breaks the 4 by 4 by 72-inch billet, for example, down 
to a more suitable size billet about 30 feet long. This 
long billet is immediately charged into the continuous 
reheating furnace, where its rolling temperature is 
fully restored before being rolled to finished size. From 
this point the arrangement of the mill does not differ 
materially from the straight continuous plan already 
described. 

Operatloti of Continuous Mills — With the mill prop- 


erly designed and erected, its efficient operation depends 
largely upon the skill of the operating crews, headed by 
the roll turner and roller. For best results the roll diam- 
eters for the different stands must be carefully selected 
and maintained in proper proportions; the roll passes, 
especially for the finishing group of rolls, must be skill- 
fully adjusted and accurately turned; the rolls and 
guides must be carefully set in the housings; and there- 
after the draft must be regulated through the mill screws 
to suit the conditions. The uniform heating of the billet 
is also a matter of importance, as is seen from the fol- 
lowing facts: Under a given pressure, a hot bar or rod 
will elongate more than a colder one. Translated into 
operating terms, this statement means that if the mill 
is adjusted to roll the colder rod properly, the hotter 
rod will buckle between passes and cause cobbles. The 
mill must, therefore, be adjusted to the hottest bars, 
and if the draft on the different passes is regulated to 
keep this bar under slight tension the same adjustment 
will produce a pull of considerable force on the colder 
bars. Thus pull is the cause of the longer “finny’^ ends 
which are characteristic of rods rolled on straight con- 
tinuous mills, and it also produces a difference in sec- 
tion between the ends and the middle of the rod, causing 
it to exhibit a tendency toward flatness in the middle. 
This matter is especially important in the case of mills 
rolling more than one line, or strand, at a time. In such 
a mill, any adjustment of the screws to correct a fault 
in one pass affects the draft on the corresponding pass 
of the other strand also, and it is practically impossible 
to overcome any variation in temperature of the two 
strands through adjustment of the rolls only. 

The Garrett Mill — Up to 1882 the continuous rod mill 
had no competitor as to speed, length of rod, and ton- 
nage produced. On the Belgian, or looping mill, which 
was the only other type of mill used for rolling rods, 
the longest lengths that could be rolled v/ould not ex- 
ceed 300 feet, the heaviest coils weighed less than 50 
pounds, and the tonnage produced daily would not, in 
case of small rod under 0.2-inch diameter, much exceed 
20 tons. On such mills the best rolling practice of that 
day for steel involved the rolling of the ingots to 4-inch 
by 4-inch blooms, which were cut into lengths con- 
venient for hand rolling and allowed to cool. These 
blooms, or billets, were then reheated and rolled on a 
three-high billet mill to a 2-inch square or its equivalent 
in rectangular section. These small billets wore again 
sheared into lengths to give the weights required and 
allowed to cool, when they were reheated and rolled 
into rods on the looping mill. In endeavoring to over- 
come the advantages enjoyed by the owners of the 
continuous rod mill, William Garrett, who was then 
superintendent of the plant of the Cleveland Rolling 
Mill Company, conceived a plan whereby the looping 
mill could be modified to roll No. 5 rod in long lengths 
and direct from 4-inch by 4-inch billets without reheat- 
ing. In formulating this plan, he reasoned that, since a 
large section loses heat less rapidly than a small one, the 
4-mch by 4-inch billet could be rolled in the roughing 
mill to a size suitable for the rod mill in so short a time 
that it would still retain enough heat to be finished if it 
were not exposed so long in the looping mill. So he 
combined the three-high billet mill with the rod mill, 
and split up the latter into three groups or trains of 
rolls, which he arranged in echelon and drove at pro- 
gressively increasing rates, so as to rough at low and 
finish at high speeds. By this arrangement the speed of 
the finishing trains could be adjusted to the elongation 
of the rod, so that not only could a given length be 
rolled in a shorter period of time, but the size of the 
loops could be controlled and their length reduced. 
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Garrett erected his first mill in 1882, and at once he was 
able not only to roll rod in much longer lengths, but 
also to double, ard more than double, the output of the 
older looping mills. 

Accessories to Garrett’s Mill — After the erection of 
his first mill, Garrett was able, from time to time, to 
add certain improvements. One of the most important 
of these improvements was the use of repeaters. As 
pointed out in connection with merchant mills, these 
are semicircular trough-like guides placed so as to 
guide the end of the piece from one pass to the next. As 
the repeaters are open at the top, a loop once formed 
is free to rise out of the trough, and enlarge to corre- 
spond to the elongation, or otherwise adjust itself to any 
difference in the speeds of the two passes. A looping mill 
fully equipped with repeaters is practically as automatic 
as a continuous mill. In the case of the earlier looping 
rod mills, however, repeaters did not work equally well 
on both sides of a mill. In these mills, the passes from the 
first few roughing stands to the finishing are alternately 
oval and square, the squares coming out on one side 
of the mill and the ovals on the other. On entering the 
square passes, the ovals must be turned on edge, and 
the use of guides for doing this work generally resulted 
in the production of much scrap, due to their frequent 
failures to edge the ovals properly. In some present- 
day Garrett mills, however, oval repeaters have been 
perfected and catchers are necessary only at points 
where cropping must be done. 


Number of Strands — ^Another improvement intro- 
duced by Garrett, who was the first to employ the 
scheme, was the practice of finishing more than one 
rod at a time. Due to the shortness of the billet, the 
roughing train was able to break down the billets much 
faster than the finishing train could roll the rod in a 
single strand, even when the latter was speeded up to 
550 r.p.m., which is the maximum speed at which it 
was practicable to run this train. Since the rod makes 
only one pass in the finishing and most of the inter- 
mediate stands, there was a great amount of roll space 
unused in rolling a single strand. By adopting power 
reels, and reeling each strand on independent reels, 
Garrett found no difficulty in finishing two strands at 
once in the same trains and thus doubling the output 
of the mill. In present-day Garrett mills, four, and even 
six, strands may be rolled simultaneously. The number 
of strands rolling in a mill has considerable effect upon 
the forming of the rod, and it is considered good practice 
to keep the mill as full as possible. 

Floors — Another characteristic of looping rod mills is 
the sloping floors, which, though a simple device, play 
an important part in their operation. Since it is neces- 
sary to nm the rolls in each finishing train at the same 
rotative speed, and it is not practicable to take up all 
the elongation of the piece, or equalize the rolling time 
of the different passes by using rolls of different diam- 
eters, it is necessary to allow the loops, which are formed 
after catching or repeating, to grow upon loop floors. If 
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these floors are level the frictional resistance soon be- 
comes so great that it stops the forward motion of the 
loop, when the rod will pile up and become hopelessly 
twisted. In the old days, boys were employed to draw 
the loops back with hoolu or tongs, but in Garrett mills 
this frictional resistance is overcome by laying the 
looping floors at an incline, sloping from the rolls, ex- 
cept on the oval side where a narrow level space is left 
to provide standing room for the catchers. When more 
than one strand is being rolled, as in all present-day 
mills, these floors must be provided with guiding chan- 
nels and other facilities to prevent the different loops 
from becoming entangled. 

Layouts of Garrett Mills — The arrangement of the 
roll trains in later looping mills has been subjected to 
considerable variation. A typical layout is shown in 
Figure 40 — 2, As originally planned by Garrett, the three- 
high billet mill was placed near the heating furnaces, 
which are now mainly of the continuous end -discharging 
type with floors sloping downward from the charging 
end. Two or more of these furnaces may be used to heat 
the billets, which are conveyed to the mill by roll tables. 
Following the billet mill, at a distance great enough to 
permit the piece from the last pass to clear the billet- 
mill rolls, is the roughing mill which, in present-day 
mills, may be a looping train of three stands or two or 
more stands arranged in tandem. Then come, with their 
looping floors sloping in opposite directions from the 
narrow level standing, the intermediate and finishing 
rolls, arranged, usually, in two trains of four or five 
stands each, lying end to end along two parallel lines 
in close proximity to each other, and so placed that the 
first intermediate pass is in line with the last roughing 
pass and far enough away to give proper clearance for 
the piece. In some mills especially designed to roll small 
rods, the finishing and last intermediate stands are 
coupled together in a third and separate train, which is 
driven at the highest speeds practicable, to reduce 
the size of the loops and make it possible to finish the 
rod at a higher temperature. 

Combination Mills — In roughing down the 4-inch by 
4-inch billets on the three-high mill, considerable time 
is consumed in making the necessary five to seven passes 
back and forth through the rolls. Not only does this 
delay tend to cool the steel somewhat, but these opera- 
tions require some heavy hand labor. To overcome these 
disadvantages as far as possible, some looping mills make 
use of a group of continuous rolls for roughing purposes. 
This group usually consists of eight stands, and dis- 
places not only the billet mill but the roughing train as 
well. With such a group, the work of roughing can be 
done much faster than the looping trains can dispose 
of the material even when four strands are rolled at 
once. Consequently, one continuous roughing mill is 
used to feed two looping finishing mills, one of which is 
placed on the right and the other on the left side of the 
roughing mill. By locating these finishing trains at a 
suitable distance beyond the roughing mill, the sections 
from the last roughing stand are carried forward or 
looped into the first intermediate pass by guides similar 
to the repeaters previously described. This type of mill 
is sometimes referred to as the Garrett semi-continuous 
mill. 

The Double Belgian Mill, which is also designated by 
the name of Boecker^s wire mill, represents another at- 
tempt to apply the combined continuous and looping 
methods of rolling, in this case, to the finishing mill. 
It consists, usually, of seven or nine stands of rolls, six 
or eight of which are arranged in two parallel lines or 
trains of three or four stands each, so that the corre- 
sponding stands in each line are opposite each other. 


thus forming three or four continuous groups of two 
stands each. The mill is driven from a central shaft 
lying between the two parallel lines of stands, and from 
this shaft the power is transmitted to the rolls through 
three sets of gears. In this way the speed and direction 
of rotation of the various rolls is so regulated that a rod, 
passing through the mill, can be looped by catchers or 
repeaters from one continuous set to another, and from 
the last continuous set into the single finishing stand, 
which is two-high. A mill of this design offers some of 
the advantages of both the looping and continuous types, 
but also possesses some of the limitations of both. Thus, 
while it is capable of producing rods that are excep- 
tionally imiform in section, the complicated system of 
shafting and gearing makes its upkeep expensive and 
tends to offset its advantages. 

Continuous and Looping Mills Compared — ^A just 
comparison of the continuous mill and the looping mill 
is difficult to make. Local conditions and a great number 
of other factors must all be considered. For example, 
there is the matter of raw material. The small billet of 
full standard length, i.e., 30 feet, cannot be rolled on a 
looping mill because of the long exposure on the looping 
floor, which cools it below the temperature for hot 
finishing. On the other hand, the continuous mill is 
particularly suited to rolling these long biUets, and, 
when combined with the special heating furnace pre- 
viously referred to, presents a layout by which the 
rolling can be done at higher and more uniform tem- 
peratures, which saves power and minimizes the varia- 
tion in section of the rod from end to end. 

As already pointed out the large, or 4-inch by 4-mch, 
billet may be rolled on the continuous, the Garrett, or 
the combination mill. Mills of the Garrett type with 
looping trains for all except the first roughing, or billet 
mill, are limited to a billet weight of about 175 pounds 
for small rod, because, with a larger billet, the last end 
of the rod becomes so cold that excessive power is re- 
quired to roll it, and the variation in size of the rod 
from end to end is too great to be tolerated. Continuous 
mills and combination mills can roll, without a second 
reheating, 3^ by 3y4-inch billets weighing up to 1200 
pounds. On billets of these weights, the continuous mill 
requires less power and fewer operators than mills 
which are chiefly of the looping type; also the repair 
costs per ton on modem continuous mills are less ^an 
on looping mills. The heavier the rod bundle the better, 
on account of the longer length of the wire that can be 
drawn from it in one piece, which reduces the handling 
required and the scrap produced in the drawing and 
finishing operations. 

As to other differences made in the product by these 
two metliods of rolling, these are of such a character as 
to leave little from which to choose. The tendency 
exhibited by the continuous-mill rod toward flatness in 
the middle is offset by the variation in section from 
end to end of the looping-mill rod when rolled in long 
lengths. Since the continuous mill cools the rod during 
the rolling less than the looping mill and uses no hand 
labor for catching, it permits the use of a greater number 
of roll stands and passes. This great number of passes 
makes it possible to use better-shaped passes with 
smaller reductions from pass to pass, and thus avoid 
overfills, which frequently cause surface defects In the 
rod — defects that are of very serious character in many 
wire products. 

Consequently, most mills installed in recent years are 
either straight continuous mills or employ only two 
or three loops. However, some of these mills use several 
motors, to provide more flexibility in rolling a wide 
range of sizes as well as to keep the loops short. 
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Rolls for Rod Mills— As to size, the rolls used for 
rolling rods are subject to considerable variation ac- 
cording to the type of mill and the purpose for which 
they are used. Thus, in Garrett mills the rolls are long, 
and vary in diameter from 16 or 18 inches for the first 
roughing rolls to 9 or 12 inches for the intermediate and 
finishing rolls, while in continuous mills using 3 y 4 by 
3 1 / 4 -inch billets they vary from about 18 inches for the 
roughers to about 11 to 12 inches for the finishing 
groups. The roughing rolls may be cast steel or cast 
iron. However, cast steel is only used where it is re- 
quired for strength because of the poorer pass life 
obtained. Most mills at present use grain iron rolls in 
the roughing stands. 

In the intermediate and finishing stands, the rolls are 
cither grain iron or chilled iron with the practice 
being, until very recently, to use chilled iron wherever 
possible because of the longer pass wear. However, re- 
cent development of grain rolls has improved the pass 
life to the point where they are now being used even 
in the finishing stands of some mills. As to the roll 
passes, these are simple in form but of a design to give 
the necessary reduction without developing defects in 
the material. In Garrett mills and continuous mills 
using 4-inch by 4-inch billets, the first roughing passes 
are rectangular or box passes, or diamond and square 
passes, but in all other rolls except the finishing, the 
passes for round rods are arranged to give alternately 
squares and ovals, etc. For round wire, the last oval 
feeds the finishing pass which, of course, must be cir- 
cular. To reduce the number of roll changes otherwise 
necessary, a number of duplicate grooves are cut in 
each set or pair of rolls, so that when one set of grooves 
becomes defective or too badly worn a new set can be 
made available for use merely by resetting the guides. 
When all the grooves in a set of rolls have thus been 
used, they must be replaced by a new set while the 
worn rolls are being redressed, so that duplicate rolls 
as well as duplicate grooves are required. 

Designing the Passes — ^Here, the matter of chief con- 
cern is the proper regulation of the draft in each pass. 
The highest drafts are made in the roughers, where the 
reduction in any one pass may be as high as 45 per cent 
though a limit of 35 per cent represents better practice. 
In the intermediate sets of rolls, a maximum draft of 
about 30 per cent may be attained in the first passes, but 
as the rod approaches the finishing pass the amount 
of the reduction permissible gradually diminishes, 
until in the final pass it is well under 15 per cent. Within 
the limits mentioned, the drafts will be determined 
largely by the number of passes provided by the mill, 
which in turn will depend upon the type of mill, the 
size of billet used, and also the size of rod to be rolled. 
For rolling 4-inch by 4-inch billets to No. 5 rod, Garrett 
mills usually provide from 18 to 20 passes; some con- 
tinuous mills use 21 passes, while others provided with 
an intermediate reheating furnace may use as many 
as 24; and combination and double Belgian mills may 
use 18 to 24 passes. Nearly all the mills are so arranged 
that the size of the finished rod can be varied, that is, 
made coarser than No. 5, either by “opening up the 
mill,” thereby producing larger sections in each pass, 
or by omitting the use of some of the stands immediately 
preceding the last In the latter case the finishing is 
done on one of the stands used as an intermediate when 
rolling No. 5 rod. 

Housings and Guides— The construction of housings, 
with their mechanism for making necessary adjust- 
ments of rolls and guides, differs in the different mills, 
but is the same in principle as described elsewhere in 
this book for corresponding types of billet and mer- 
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chant mills. The setting and adjustment of the ro|^ W[|d 
of the receiving and delivery guides require 
deal of experience, and, upon the efliciency of iw 
these adjustments depends, in great measure, the qt! 
of tile rolled rod as well as the tonnage of tlie mil^/ 

Rod Reels — The daily output of rod mills in use tCli3il|j!j^ 
varies from 450 to 1200 tons, which tonnages, translate 
into linear units of No. 5 rod, are equivalent to about 
1500 and 4000 miles, respectively. From this statement 
it is evident that this enormous output would have been 
impossible without adequate reeling facilities. As pra-* 
viously pointed out, this need caused the early adoptittn 
of automatic reels, the first practical development of 
which was introduced about 1880. The rod reels now in 
use are mainly of two types, known as tlie pouring ree| 
and the laying reel. The pouring reel consists essentially 
of a horizontal steel disc or pan mounted upon a vertical 
shaft so that it may be revolved at a speed corresponding 
to the delivery speed of the rod. Near the circun^erence 
of this pan are two circular and concentric rows of pins, 
or spokes as they are often called. Into the annular 
space bounded by these spokes the rod pours from the 
end of a pipe which conducts it from the finishing rolls, 
and since the rotative speed of the reel is adjusted 
to the linear speed of the rod, the latter is laid in 
a neat coil within this space, a single ring of the coil 
being formed at each revolution of the machine. In 
the laying reel, the receptacle is stationary, while the 
end of the delivery pipe, itself, is made to revolve in a 
circle, thus laying the rod within the annular space 
provided by a motion similar to that in coiling a long 
rope by hand, so tliat the rod is given a twist at each 
revolution of the pipe, or as each ring of tlie coil is 
formed. The laying reel, therefore, can be used only 
with small round sections; however, pouring reels can 
only be used up to about 4200 feet per minute. Laying 
reels provide a better coil on small rod. Hence, most 
modern mills rolling both small and coarse rod have 
both laying and pouring reels. In both types the diam- 
eters of the coils are determined by the relation be- 
tween the delivery speed of the rod and the rotative 
speed of the reel, for the peripheral speed of the coil 
being formed must equal the rod delivery speed. As 
these two factors cannot always be kept in exactly the 
same relation, the diameters of the coils vary somewhat. 
In all cases the reels are designed to raise the coil or 
lower the spokes, and deliver the product upon a con- 
veyor, which carries each coil to some designated point 
where it may be disposed of as desired. In case of wire 
manufacturers who roll their own rods, the rod mill 
is located very near the wire mill, and the coils are 
carried by the conveyor directly into the cleaning or 
heat treating departments of the latter. Most wire mills, 
whether they roll their own rods or not, will be provided 
with covered yards where rods of various kinds of stock 
may be stored for use as required. 

Defects in Rods — ^To produce a satisfactory rod re- 
quires that proper care be exercised in every depart- 
ment concerned with its preparation. To begin with, 
the steel must be properly made and its composition 
should be uniform and as near that desired as possible; 
also, it is essential that the ingot be properly cast 
and rolled at a suitable temperature, and that the billet 
be free from pipe, seams, and slivers. Even with perfect 
billets, considerable care and skill are required to pro- 
duce satisfactory rods. Assuming that the rod mill, 
itself, has been properly designed and speeded and 
equ^ped with all the necessary accessories, unsatis- 
factory rod may still be produced by improper heating, 
by the use of improperly designed ragging on the 
roughing rolls, by improperly adjusting the rolls and 
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or by using the grooves too long. In order to 
he rod correctly, every pass in the mill should 
lie to produce, as near as possible, the section it 
Sriginally designed to produce, and to bring about 
result all the passes must be kept full but none may 
lillowed to overfill. Great emphasis is to be laid 
jgpon all these features of operation, because, from the 
point of view of the wire mill it is most essential that 



the rod be uniform in composition, and also in section, 
that it be close to the size and shape required, and that 
it be free from such surface defects as slivers, seams, 
and fins. These defects, as well as the composition, are 
matters of importance to both the consumer and the 
wire mill, for none of the subsequent wire-drawing 
operations or finishing processes will eliminate them 
or reduce their capacity to do harm in the final product. 


SECTION 4 

OUTLINE OF WIRE-DRAWING PROCESSES 


The rolling of the rods is a fairly well standardized 
|)rocess. The primary object of rod rolling is, of course, 
to put the steel into such shape that it can be most 
efRci^tly cold drawn into wire. Using steel of the re- 
composition, the rod is rolled to the desired size 
and iji^e by following a standard practice on a standard 
rod iWing mill. From this point, however, the method 
foi^yiei^anufacture into wire depends entirely upon the 
|lse to which the wire is to be put. These uses are 
many and varied, and the wire drawing practices neces- 
sary to provide the wide ranges of required wire char- 
acteristics vary accordingly. Obviously, it would be 
impossible to cover all the practices in detail here. 
, However, a brief summary of the various operations 
' vnecessary to process the rod to finished wire will be 
:%utlined. 

Preparing the Rod for Drawing — In order to prepare 
.’the rod for drawing, it is first given some necessary 
preliminary treatments. In general, these consist of 
acid cleaning and coating following a heat treatment 
when required. The heat-treating process is usually one 
of the following: patenting, annealing, or normalizing. 
These processes will be described in more detail later. 
Low-carbon rods which are to be drawn into wire 
usually do not require any heat treatment and are 
cleaned and coated after rolling. In the process of rolling, 
the rods acquire a mill scale or oxide on the surface. 
Oftentimes, it is necessary to store the rods for some 
time before drawing. In storage they may pick up 
either some additional oxide in the form of rust or just 
plain dirt. All mill scale, oxide, or dirt must be re- 
moved before the rods are drawn into wire. This is 
accomplished by placing the rods in a solution of hot 
dilute sulphuric acid for from fifteen to thirty minutes. 
The action of the acid loosens the scale and frees the 
rod of all rust or dirt, leaving the surface of the rods 
perfectly clean. The rods are then removed from the 
acid and given a thorough rinsing in a spray of high- 
pressure water. This removes all the acid from the sur- 
face and from between the various strands. The next 
step is to give the rods a suitable coating, usually lime. 
The purpose of the coating is threefold: first, to protect 
the surface of the cleaned rods from rusting in the 
atmosphere; second, to neutralize any traces of acid 
left from the cleaning; and, third, to serve as a carrier 
for the lubricant used in drawing the rod to wire. 

For many years it was customary to coat rods which 
were to be drawn into ordinary finished wire with a 
sull coating. This is accomplished by placing the cleaned 
rods on a rack or a travelling conveyor and spraying 
them with a fine mist-like spray of water. The rods 
are then dipped in a tank containing hot milk of lime. 
In recent years the practice of sull coating has been 
discarded, and the rods are coated with the milfE of 
lime directly after the water rinse. SuU coating is 
used now only on a few kinds of wire; in some instances 
for manufacture ad cold-headed bolts. 


Borax is another coating which has been used quite 
extensively in recent years with good results. After 
the coating is applied, the rods are baked in an oven or 
other type of baker to dry the coating. This function will 
be described later in more detail. 

Drawing the Rod — After the rods are properly cleaned, 
coated, and baked, they are delivered to the wire- 
drawing equipment. Today, most wire which is drawn 
three or more drafts is produced on continuous machines. 
Wire which is to be drawn one or two drafts is produced 
on single or double-deck motor blocks. Wire in sizes 
%-inch and coarser is drawn on horizontal bull blocks. 
However, there is still a considerable amount of wire 
produced on the so-called wire drawing frame. This 
frame, in the type most generally used for drawing rods, 
supports a single die and the power driven block for 
drawing the rod through the die, al.so a drawbar for 
drawing the first few feet of the rod. One end of the rod 
is now pointed, or tapered, so that it Juay be threaded 
through the die hole, which is somewhat smaller than 
the rod in section. Next the die holder, on the entering 
side of the die, is filled with a specially prepared grease, 
or some other suitable lubricant, so that in passing 
through the die the rod must first pass through the lubri- 
cant. The pointed end of the rod is now inserted through 
the proper die hole, where it is grasped by tongs attached 
to the drawbar, and drawn through far enough to be 
attached to the draw block. When this block is started 
revolving, it coils the wire about itself and thus contin- 
uously draws the rod through the die, thereby bringing 
about a fixed decrease in its sectional area and a propor- 
tional increase in its length. 

Draft, Drawing and Process Wire — ^The amount of the 
reduction in the sectional area, as in the case of rolling, 
is expressed in per cent of the original area and is known 
as the draft, while the operation itself is called drawing. 
In general the draft on the rod varies from 10 to 45 per 
cent according to the kind of wire to be made. As soon as 
a rod has been given a draft, it is thereafter designated 
as a wire, though many more drafts and various other 
treatments may be necessary to work it into wire of the 
size, finish and temper desired. In wire-drawing plants, 
any wire which, following the initial drawing from the 
rod, is to receive further work or treatment before it is 
'finished is designated as process wire. After the first 
draft from the rod, process wire may be finished in 
various ways. 

Dry Drawing and Wet Drawing— There are two proc- 
esses for drawing wire. These are designated as dry 
drawing and wet drawing. Mechanically, the processes 
are the same; that is, the wire is drawn through a die 
and wound up on a block. The difference in the processes 
is in the coating applied to the wire and the lubricant 
used. All wet-drawn wire is first given one or more dry 
drafts from the rod. This process wire is then thoroughly 
cleaned, rinsed, and immersed in a dilute solution of 
copper or tin sulphate or a mixture of both of these salts. 
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A chemical reaction takes place which results in the 
deposition upon the wire of a thin metallic coating from 
the solution used. After coating, the wire is usually 
kept \inder water to protect it from the influence of the 

atmosphere. 

In subsequent wet drawing, the pay-off reel containing 
the wire is placed in a tub of water. To this water a 
special type of soap is usually added to act as a lubri- 
cant. In recent years special coating solutions have been 
developed which are applied to the wire after the copper 
or copper-tin solution treatment. These coatings protect 
the surface from the atmosphere and are also quick 
drying, so it is possible to store the wire without keeping 
it under water and also to permit drawing from a dry 
reel. In drawing, the copper or copper-tin solution 
imparts a characteristic metallic color to the wire which 
is known commercially as coppered wire or liquor- 
fuiished wire. The latter term designates the brass- 
colored finish obtained from the copper-tin coating mix- 
ture. 

Types of Wire — For all practical purposes, wire may 
be described as being low-carbon or high-carbon. Al- 


WIRE PRODUCTS «85 

though there are additional classifications in AlSl 
uct Manual Section 16, 0.30 carbon may be consjlltrid 
the dividing point and, broadly speaking, wire under HlP 
carbon is referred to as low-carbon, while that wfflA 
is 0.30 carbon and higher may be considered as h||^i'^ 
carbon. The end uses of the various types of wire requlip 
different characteristics in the finished wire as to phys4,).^ 
ical properties, finish, gage tolerance, electrical conduc- 
tivity and many others. These requirements are met by 
designing manufacturing practices which employ various 
amounts of cold work (drawing), various types of hfst 
treatments, or combinations of both. All of these praC^ 
tices are carefully worked out and are designed to 
provide wire which will adequately meet consumer 
requirements and at the same time make the most 
efficient use of producing equipment. 

A general discussion of wire manufacture follows 
which is divided into six sections, namely, “Preparation 
of Hods and Wire for Drawing, “Wire-Drawing Equip- 
ment,** “Wire-Drawing Processes and Operations,” 
“Heat Treatment of Wire,*’ “Protective Metallic Coatings 
for Wire,” and “Some Fabricated Wire Products.” 


SECTION 5 


PROCESSES AND EQUIPMENT FOR PREPARING 
RODS AND WIRE FOR DRAWING 


Importance of Cleaning — ^All of tlie hard, brittle oxide 
commonly called mill scale, which forms on hot-rolled 
rods or on heat-treated rods, and also the slow-forming 
red rust which forms on long exposure to the air, must 
be entirely removed before drawing. If these oxides 
remain on the surface of tlie rods, they result in very 
rapid wear on the wire-drawing dies and also cause 
scratched and off-gage wire. Proper cleaning and coat- 
ing is largely responsible for success in the wire-drawing 
operation. 

Method of Cleaning — As already stated, the method 
generally employed for cleaning the material prepara- 
tory to drawing consists in dipping the coils into a vat of 
hot, dilute sulphuric acid. The action by which this acid 
removes the scale is for the most part mechanical rather 
than chemical, for ferroso-ferric oxide, FeaO*, which is 
the chief constituent of the scale, is but slightly soluble 
in sulphuric acid. The acid, however, is able to penetrate 
to the metal beneath the scale, where it reacts with the 
iron forming iron sulphate, a soluble neutral salt, and 
liberating a mixture of gases, mainly composed of hydro- 
gen. This action results in loosening and detaching the 
scale from the surface of the metal, when it sinks to the 
bottom of the vat where it accumulates and must be 
removed at frequent intervals. Unlike the black scale, 
the red rust (which is a hydrated sesquioxide of iron of 
the general formula XFe 208 *YH 20 or a double com- 
pound of ferric oxide and ferric hydroxide, Fe*0*- 
2Fe(OH)«), is readily soluble in sulphuric acid, and 



under the conditions of pickling this action results in the 
formation of iron sulphate, also. This salt remains in 
solution, and as concentrated acid is added from time to 
time to replace that neutralized, the solution eventually 
becomes saturated to such an extent that it is no longer 
fit for pickling. The exhausted solution must then be 
replaced. 

Manner of Handling the Material — When the rods are 
removed from the hook conveyor in the rod mill, they 
arc loaded into standard-gauge gondola cars. The coiled 
rods are loaded in an upright position to facilitate un- 
loading with a so-called “C” hook (Figures 40 — 3 and 
40—4). 

From the rod mill, the rods are transported to the rod 
storage where they are unloaded by an overhead crane. 
The crane is equipped with the “C” hook referred to 
above, which has a capacity of two to three tons. Facil- 
ities for storing rods consist of large bins or racks. Each 
gage and steel composition is stored in a separate bin in 
order to avoid confusion and possible misapplication. 



Fic. 40—3, Open-type “C” hook for handling coiled rods Fig. 40—4. Latch-type “C” hook for handling coiled rods 
and wire. and wire. 
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in^imodem integrated mills, the rods may be moved end of the pipe, a second hanger is 8Ujq;»ended. This 
direifiilly from the rod storage to the cleaning crane by hanger is pivoted to the pipe allowing it to swing freely. 
^ ,|bd-storage crane. In other mills, the rods are set When the hook has been treaded through a lift of rods, 
itown in racks by the rod-storage crane and then this second hanger is swimg down and latched to the 
ifeioved to the cleaning crane by ram tractor or on rod free end of the cross piece. This gives support to both 
trucks. In either case, the rod-storage crane sets up ends of the cross piece. All of the parts which come in 
the exact amoimt of rods which the cleaning crane is direct contact with the acid are made of phosphor bronze, 
designed to handle in one lift, so that there is a minimum aluminum bronze, or other acid-resisting material, 
of handling. A hook with its load is referred to as a “pin” or “stem” 

The “C” hook or hairpin hook, as it is sometimes called, of rods or wire, 
is a specially designed device for handling coiled rods Tsrpes of Cranes — There are two types of cranes gener- 

and wire. It is designed to lift as a unit the number of ally used in cleaning, namely, the circle crane and the 
coiled rod bundles which the cleaning crane was de- overhead electric traveling crane. One type of circle 
signed to handle in one lift. There are two types, the crane consists of an upright standard which is set in 
op^-end type and the latch type. Both are made by bearings to allow the upright standard to turn in a com- 
using a section of extra-heavy pipe, or I-beam, which plete circle. A horizontal boom is placed on the upper 
is long enough to span the cleaning tank. This pipe has part of the standard. This boom or arm is built long 
a metal eye attached at the approximate center, or bal- enough to reach the center of the cleaning and coating 
aitco point, into which the crane hook is inserted for tanks which are placed in an arc aroimd the base of the 
liftii^. From the pipe, a very heavy hanger is suspended, standard. Power for lifting the material to be cleaned is 
In ihe open type (Figure 40 — 3) , this hanger is in the supplied by a steam piston which is placed on the boom 
tem of a large letter “C” with the bottom section or standard. Power for turning the standard and boom is 
Straightened horizontally and made long enough to lift supplied by placing a ring gear around the upright 
the proper number of coils. standard. This ring gear is then driven by an electric 

In the latch type (Figure 40 — 4), the hanger is made motor which is connected by the proper gearing and 
more in tlie shape of the letter “L,” and the horizontal shafting. Figure 40 — 5 shows a variation of this t3rpe of 
section is pivoted to the vertical* section which allows crane, in which the standard is fixed, 
for a slight movement of the cross piece. At the opposite Use of the circle type of crane requires the cleaning 



4 ^' 


Fic. 46-6. General view inside a cleaning house showing cleaning and coating tubs arranged around the base of 
crane. 


a 
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and coating tanks to be placed in an arc around the 
upright standard (Figure 40—5). The number of tanks 
is then limited by the radius of the boom. Where a large 
volume of production is required, two circle cranes may 
be used. Here the first crane handles the work through 
all the acid cleaning and rinsing, while the second crane 
handles the work in the stages during which the proper 
coating is applied. 

When the electric overhead traveling crane is used, 
the cleaning and coating tanks may be placed in a 
straight line or sometimes two lines are used. 

The gantry crane is another type of electric crane in 
use. This crane requires all the tanks to be in one line 
as the crane has no cross travel, and the crane hook 
moves in relatively the same horizontal line at all times. 
This type of crane has value where there is a large vol- 
ume of work and few varieties of product. 

Construction of Tanks— The rectangular acid tanks are 
constructed of welded steel plate, and are usually large 
enough to hold two stems of rods. The bottom is rein- 
forced with channels and angles, and the interior is 
lined with a %6-inch thick membrane of rubber or 
neoprene to protect the steel from the acid. Inside the 
rubber lining a layer of acid-proof brick is placed com- 
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pletely covering the sidewalls and bottom of the tank. 
The brick lining is bonded to the rubber or neoprene 
with acid-resisting sulphur-base cement. Acid-resisting 
synthetic-resin cement is used in the brick joints. All 
unprotected exterior surfaces of the tank are covered 
with a black vinyl-resin-base acid-resisting paint. 

Water-rinse tanks are also usually rectangular and 
constructed of welded steel plate. Such tanks usually 
are of one-stem capacity. All surfaces are coated with 
a black vinyl-resin-base acid-resisting paint. The upper 
section of a water-rinse tank is provided with a series 
of high-pressure water nozzles, while the lower part of 
the tank contains fresh running water for rinsing. 

Lime tanks are also rectangular and constructed of 
welded steel plate, and usually have a capacity of one 
stem. 

Arrangement of Tanks — As already indicated, when 
a circle crane is employed, the number of tanks is limited 
by the radius of the boom of the crane. When an over- 
head traveling crane is used, tlie number of tanks is 
imlimited. Figure 40 — 6 shows a typical arrangement 
for so-called straight-line cleaning. In general, the acid 
tanks are used first in the cycle, then the water-rinse 
tank, and finally the coating tanks. Sull coating today is 
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Fig. 40—6. Typical arrangement for so-called straight-line cleaning of rods in preparation for drawing. 
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in very slight demand, but usually a small section is pro- 
vided where the rods can be treated for formation of 
this coating. 

Concentration of Acid— There are three factors which 
affect the cleaning operation, namely, time, temperature, 
and concentration of acid. In operation, the tanks are 
first partially filled with water. Then the acid is added 
in the required amount and the steam for heating the 
bath is turned on. By the time the tanks are filled by the 
addition of more water, the steam has raised the temper- 
ature to the required point, usually about 180 ** F, and 
the acid concentration has been adjusted to the required 
amount. 

Certain kinds of steel require longer time for cleaning 
than others. Low-carbon rods which may be finished at a 
high temperature on the rod mill will have a very heavy 
scale. Also, rod coils which are very compact, as is usu- 
ally true with the coarser gages, are more difficult to 
clean. Bessemer and high -carbon steels react much 
faster to the acid, and the time of cleaning is shorter. 
This is particularly true of high-carbon patented rods 
which have the scale broken up by the sheaves on the 
take-up frame of the patenting fiurnace. The acid con- 
centration, then, is varied according to the kind of steel 
being treated, the low-carbon heavily-scaled material 
requiring a solution having a higher concentration of 
acid, with the higher-carbon steels and patented mate- 
rial requiring a lower concentration. 

Temperature for Cleaning — The control of tempera- 
ture in the cleaning operation is very important since 
the rapidity of the reaction between acid and steel is 
greatly affected by temperature. It is known that the 
reaction is 100 times as fast at 190 ® F as at room tem- 
perature. Too high a temperature, therefore, can be very 
wasteful. It causes rapid and high usage of the acid, de- 
velops unnecessary fumes which, in turn, can cause 
excessive corrosive action on the steelwork of the build- 
ing. What is more important, it causes pitting action on 
the surface of the steel being treated. The tanks in most 
modem cleaning houses are equipped with thermostatic 
controls so that a uniform pickling-solution temperature 
is maintained. 

Inhibitors are used to aid in preventing pitting or 
over-cleaning. These usually have a nitrogenous hydro- 
carbon base. The theory of the use of inhibitors is that 
when the scale has been removed from the steel, the 
inhibitor forms a protective film on the cleaned surface 
and minimizes any additional attack by the acid. 

Time of Cleaning — ^The time required for cleaning will 
vary according to the amount of scale to be removed 
and the type of steel being treated. This may vary from 
as little as 10 minutes for high-carbon patented rods to 
30 or 35 minutes for low -carbon heavily-scaled rods. 
When the cleaning facilities serviced by the crane pro- 
vide enough acid tanks, it is possible to use all tanks for 
the long-cycle work and reduce the number of tanks in 
use for short-cycle work. By this means, it is possible to 
keep the temperature and acidity at a fairly constant 
point and vary the time. Another factor which affects 
the time of cleaning is the change in specific gravity 
of the acid solution. As the work proceeds and more and 
more scale is removed, the iron content of the bath builds 
up. This is reflected in a change in specific gravity of 
the solution, which is usually measured by a hydrometer 
that provides a Baum4 reading. As the Baume figure 
increases, the action of the acid is retarded and the 
cleaning process gradually slows down. When the 
Baum6 reading reaches about 20, the acid in the tanks 
is discarded, after which the tanks are washed out and 
refilled. In modern cleaning houses, where the tanks 
hold fn>m 5000 to 7000 gallons, it is customary to have 


one extra acid tank. This tank is filled and heated to 
temperature, ready to operate when one of the other 
tanks is being emptied of its spent acid. By rotating the 
use of the tanks in this way, continuous operation can be 
maintained. 

Rinsing — It is very important to have the cleaned rods 
or wire thoroughly rinsed after the acid cleaning. The 
cleaned material is dipped into a tank of fresh running 
water. There is a series of high-pressure sprays placed 
around and at the top of the water tank. When the 
cleaned rods are dipped in the v^ater, a switch auto- 
matically turns on a high-pressure pump. As the crane 
moves the rods up and down, the high-pressure sprays 
wash them thoroughly and rem )ve all traces of acid 
or acid residue. 

Coatings — After the rods are thoroughly cleaned and 
rinsed, it is necessary to apply i coating. The purpose 
of the coating is three- fold: Fir.st, it prevents oxidation 
or rusting of the surface; second, it neutralizes any 
traces of acid which may be left on the steel; third, and 
most important, it acts as a carrier for the lubricant used 
in drawing. For dry drawing, dry slaked lime or hy- 
drated lime have been found to be the best materials 
for coating. Lime is a low-cost material and is easily 
applied. Borax is another coating which has been used 
for dry drawing in recent yeai s. It is a little more costly 
than lime, but it offers some advantages. It dries very 
quickly, it does not pick up moisture, and it does not 
flake off or form a dust in the wire-drawing room, 
thereby making conditions much cleaner in the mill. 

Process for Lime Coating — The lime coating is applied 
to the rods simply by dipping the cleaned rods into a 
tank of hot milk of Ume. The temperature is kept be- 
tween 190 ® F and 200 ® F. The rods should be kept in the 
solution long enough to bring them up to bath temper- 
ature. This aids in drying the coating and also makes it 
adhere better to the steel. Formerly, it was customary 
for the mills to purchase the burned lime and slake and 
age it before use. In recent years, very good grades of 
so-called quick-slaking lime and hydrated lime have 
been developed commercially. These are packaged in 
paper bags of about 50 pounds each. In using these limes, 
one end of tlie bag is cut open, and the lime is dumped 
directly into the lime tank where it quickly goes into 
solution. 

Another recent practice is to recirculate the lime. This 
is done by installing a small tank, or section of a tank, 
alongside of the regular lime tank. A special pump is 
placed in this small section. One side of the lime tank 
is cut down so that the lime solution can flow over this 
low side and into the small section. The pump then 
forces the overflow back into the large tank, usually 
through a pipe connected into the bottom of the latter. 
This keeps the lime solution in constant motion so that 
there is no settling out. This action also produces a very 
fine grain lime which is quite adherent. 

Coatings for Dry Drawing — In practice, several coat- 
ing tubs ai e served by one cleaning crane. There may be 
three or four lime tubs. In these tubs, the lime is kept at 
various consistencies. This allows the several coatings 
which may be required in the wire-drawing operations 
to be kept in readiness. Rods which are to be drawn one 
or two drafts to produce a clean bright finish are given a 
very light lime coating. For three- and four-draft wires, 
a medium lime coating is applied, and for wires which 
may be drawn five and six drafts, a very heavy lime 
coating may be used. In fact, where many drafts arc re- 
quired, it is often customary to give the rod two or three 
dips in a very heavy lime. 

Where borax is used, a separate tank must be pro- 
vided. This solution is adjusted to a consistency depend- 
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ing upon the number of drafts the wire is to be given. 

Baking— 'After the rods or wires are properly cleaned 
and coated, they must be thoroughly dried before draw- 
ing. The drying or baking is done in ovens or bakers. In 
the cleaning process, hydrogen is liberated by action of 
the acid upon the steel, and sometimes this hydrogen is 
absorbed by the steel. This can cause the drawn wire to 
be brittle, a condition known as “acid brittleness.” The 
baking process has two purposes: one, to dry the coating 
so that it will function properly in dry drawing and, two, 
to remove any hydrogen that may have been absorbed 
by the steel. 

There are several types of bakers. The flash type is the 
most popular. This is a baker of about the size and shape 
of a lime tub. One pin of rods is placed in the baker for 
from five to fifteen minutes, depending upon the weight 
of coating to be dried. The temperature is usually kept 
between 450 and 600 ‘’F. The tunnel type is another 
baker used. This is a long, rectangular oven with a roll 
or chain conveyor running through its length. In opera- 
tion, the rods are placed on the conveyor and pass slowly 
through the baker. The time may be one or two hours at 
temperatures from 400 to 500 ®F. Compartment -type 
bakers are still used to a limited extent. In these bakers, 
the rods are loaded onto steel buggies which are pushed 
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into the oven on tracks running throughout its length. 
The temperature is usually between 250 and 325 ‘F 
which requires a longer baking time. This may be 
from three to eight hours. The flash and tuxuiel bakers 
are fired with oil or gas and are equipped with high-* 
velocity fans which rapidly recirculate the heated air. 
Figure 40 — 7 shows a sketch of a flash baker. 



Fig. 40—7. Cross-section of a flash baker for drying rods 
and wire after cleaning. 


SECTION 6 

WIRE-DRAWING EQUIPMENT 


Dies — The wire-drawing die is one of the most efficient 
tools used in industry. It has no moving parts; it does 
not remove any of the metal; yet it uniformly reduces 
the cross-sectional area of the steel and at the same time 
improves the finish and physical properties. Over the 
years many different materials have been used for wire- 
drawing dies. Chilled iron, steel plates, alloy steel, all 
have been used, but in the late 1920’s tungsten carbide 
was developed and tried out. This material was an im- 
mediate success, and in a comparatively few years it 
replaced all other materials except the diamond. Dia- 
mond dies are still used for very fine sizes of high-carbon 
and alloy steels but even in this range the tungsten- 
carbide die can be used. Tungsten carbide is a very hard 
material and has great wearing characteristics but does 
not have very great resistance to impact. It must have 
some outside reinforcing when put to use. This is accom- 
plished by pressing a small section of tungsten carbide, 
called a “nib,” into a cylindrical steel casing, as shown in 
Figure 40—8. 


Die Holes — The shape of the die has been found to be 
very important. There are four distinct zones in the die 
as shown in Figure 40—9. The first zone, on the entering 
side of the die, is somewhat larger in diameter than the 
rod or wire to be drawn; its purpose is to afford room 
for the die lubricant that adheres to the rod or wire to 
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Fig. 40—9. Enlarged cross-section of die hole showing 
names of parts. 



Fig. 40—8. Schematic cross-section (not to scale) of a 
single-hole wire-drawing die employing a nib of sintered 
carbide mounted in a circular steel holder. 


be drawn into the hole. This is called the bell and enter- 
ing angle and gradually tapers into the second zone. The 
second zone is called the approach angle and is the 
section where most of the actual reduction takes place. 
The next zone is called the bearing zone and it may have 
a very slight angle of taper. The exit zone or back relief 
is in the form of a countersinking of the back ]^art of the 
hole. This is done as a strengthening to pi^GiVent the 
circular edge of the hole from breaking away. 

Diamond Dies — Diamond dies are frequently used 
when accuracy and uniformity of section are required 
in the finer sizes of wire, especially in the process of 
continuous wet drawing. In the construction of diamond 
dies, a diminutive flat crystal of diamond is securely 
fastened in a center opening of a small circular metal 
disc, then a hole of required diameter is worked throu^ 
this diamond by special drills and diamond dust. Dia- 
mond is one of the hardest substances known and has 
great wearing qualities# Long lengths of fline wire can, in 
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consequence, be dravm through these dies with little or 
no change of sectional area due to wear of the die. 

The Block — ^Wire was first drawn in very short lengths 
and was merely pulled through the die in straight pieces. 
As the lengths grew longer, some means of storage be- 
came necessary. The wire-drawing block serves this 
purpose. The block is a steel casting in the form of a 
cylinder the sides of which have a slight taper. The base 
of the cast cylinder is solid and there are enough cross 
members inside the casting to give adequate support 
to the sides. At the base, there is also a fianged section 
extending horizontally outward around the cylinder. 
The juncture of this horizontal fiange and the vertical 
sides of the block is machined to a definite radius. This 
is called the fillet of the block. In the center of the block, 
a vertical cylindrical hole is left to allow for the drive 
shaft to be keyed to the block. 

In operation, the wire is threaded through the die and 
attached to the block by a vise or clamp. The block 
revolves and pulls the wire through the die. As the wire 
is wound around the fillet of the block it is forced up- 
ward. At each revolution of the block the wire moves 
qpwgrd approximately one diameter of the wire being 
^amm. The sides of the block may be six or eight inches 
nigh. At the top of the block four vertical pins are placed. 


As the wire feeds upward and reaches the top of the 
block, it is stored aroxmd these four pins. The result is a 
imiformly wound, compact coil of wire. 

DRAWING MACHINES 

There are several types of drawing machines. These 
may be grouped as follows: drawbench, bull block, 
motor block, multiple-draft machines, drawing frames. 
These will be briefly described. 

Drawbench — ^A drawbench is a mechanism used to 
give a single draft to heavy material, which is afterwards 
usually straightened and cut to a definite length. It han- 
dles the largest sizes drawn and is especially adapted for 
drawing shapes, screw stock and small Rafting. The 
machine itself consists of a horizontal framework 
50 to 100 feet long, along the center line of which runs 
a heavy roller chain driven by heavy sprocket wheels. 
The die through which the material is drawn is located 
at thfe opposite end of the frame from the drive. A car- 
riage mounted on wheels, and arranged to travel along 
the upper surface of the frame or bench, has suitable 
jaws for gripping the material and pulling it through the 
die, and also a heavy hook for connection with the roller 
chain. This equipment is similar to that used for drawing 
seamless tubes (see Chapter 41). 



Fig. 40—10, Heavy machines employing horizontal blocks called “bull blocks” for drawing coarse (%-inch to 1-inch) 
sizes of wire. (Courtesy of Morgan Construction Ck>.) 
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Fns. 40—11. 
tion Co.) 


Motor blocks, with vertical spindles, for drawing to %-inch wires. (Courtesy of Morgan Construc- 


Bull Blocks — Sizes Mi-inch to 1-inch are usually 
drawn on horizontal blocks called bull blocks. These are 
very heavy machines built to pull these coarse sizes 
(Figure 40 — 10). They are driven by an individual 
variable-speed motor. The blocks are usually 36 inches 
in diameter. The horizontal block makes it easier and 


safer to handle coils of drawn wire in these coarse sizes. 

Motor Blocks — These are also driven by an individual 
motor, but the blocks have a vertical spindle (Figure 
40—11). The size range drawn on these machines is 
usually % 0 -inch to %-inch. The blocks may be 26, 30 
or 36 inches in diameter. Motor blocks may also be 



Pic. 40 — 12. Overall view of cumulative-type continuous wire-drawing machine. (Courtesy of Morgan Construction 
Co.) 
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equipped with double-deck blocks. This is an arrange- 
ment whereby one block is placed above the other, both 
being mounted on a common spindle. The lower block 
is made smaller in diameter than the upper block. In 
drawing, the wire is pulled through one die and wound 
around the lower block several times, then it passes 
around a sheave and into a second die and onto the sec- 
ond or finishing block. Thiis two drafts are drawn on the 
one spindle. Sizes from %fl-mch to Vs -inch are usually 
drawn by the double-deck method. Due to the heat 
developed, only low-carbon wire is drawn in this 
manner. 

Continuous Machines — ^Wire which requires three 
drafts or more from the rod is usually drawn on contin- 
uous machines. The timgsten-carbide die, due to its 
long-wearing characteristic, makes it practical and eco- 
nomical to use continuous machines for the so-called 
multiple-draft work. There are two general types of 
machines used in dry drawing. These may be described 
as the cumtilative and non-cumulative types. 

In the cumulative-type machine, the wire is dravm 
on a conventional type block and is allowed to build 
up around the block pins. At the top of the pins a ring 
is placed. The filrst end of the wire is threaded through 
a loop on this ring and then is fed over a dome and down 
through the center shaft of the block which is hollow. 
From here it is led around sheaves and into the next 
die and onto the next block. In another type of cumula- 
tive machine the wire passes from the ring up over a 
sheave, which is mounted above the center of the block, 
and then down around another sheave and into the next 



yiQ, 40 — 13 . Closeup view of the blocks of a cumulative- 
type continuous wire-drawing machine. (Courtesy of 
Mpy gwn Construction Co.) 


die. In this type of machine the blocks are usually geared 
so that the speed of each block is increased as the diam- 
eter of the wire is reduced. In drawing it is customary 
to lay out the drafting so that each block draws a little 
more wire than the succeeding block. This results in a 
gradual buildup on each block. When the blocks are 
filled up, the machine is shut down and all the blocks, 
except the finishing block, are de-clutched. The machine 
is then started again and the finishing block removes 
the accumulation from the block next to it. The slip ring 
at the top of this block revolves and keeps the wire pay- 
ing off unifoj^y. When this block is nearly empty, the 
machine is stopped and the nearly empty block is re- 
clutched. This process is repeated until the build-up is 
worked down from all blocks. Figure 40 — 12 shows a 



Fic. 40—14. General view of a non-cumulative type of 
continuous wire-drawing machine. (Courtesy of Vaughn 
Machinery Co.) 


cumulative-type machine and Figure 40 — 13 shows a 
closeup of the blocks. 

On the non-cumulative type of machine, the wire is 
drawn through the die and wrapped around a block in 
the conventional manner. This block will be about six to 
eight inches in height. V/hen the wire reaches the top 
of the block, it passes around the sheave. This sheave 
is mounted at the end of an arm which is attached to 
a rheostat, which in turn controls the speed of the block. 
From this sheave, the wire passes to another sheave and 
into the next die. Each block of this type of machine has 
its own individual motor. The drafting is usually laid out 
to meet the nominal speeds for which the machine is 
designed. If, however, this drafting should get out of 
line and one block draws more wire than the preceding 
block supplies, the arm moves forward and actuates the 



Fic. 4(^— 15. Closeup view of a block of a non-cumulative 
type of continuous wire-drawing machine. (Courteay of 
Vaughn Machinery Co.) 
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rheostat so that the speed of the preceding block is in- 
creased. By this means the production of each block is 
kept in balance with all the other blocks and there is no 
great amount of build-up on the blocks. 

Both types of machines are equipped with means for 
cooling the wire between each draft. In drawing higher- 
carbon wire (0.30 carbon and over) it has been found 
that the wire will become brittle if the heat developed 
in drawing is not removed between drafts. Both types 
of machines use a blast of air directed at the wire to 
cool it, but the non-cumulative machine also employs 
a water spray inside the block. This is necessary be- 
cause the time the wire is on the block is much shorter 
than on the cumulative machine. Figure 40 — 14 shows 
the non-cumulative machine, and Figure 40—15 a 
closeup of a block. 

Intermediate Machines — It is usually economical to 
use the continuous machines which draw from the rod 
for not more than six or seven drafts. This produces 
sizes down to 0.072-inch or 0.062-inch. For sizes finer 
than 0.062-inch down to 0.030-inch an intermediate- 
size machine is used. This machine is usually the same 
in design principles as the rod machines but its construc- 
tion is lighter and speeds are usually faster to take care 
of the smaller-gage wire. 

Fine-Wire Machines~-Sizes finer than 0.030-inch are 
usually drawn by the wet process on specially designed 
machines. There are several t 3 q)es of these machines. 
The tandem type uses horizontal spindles and the 
drawing blocks are vertical. The wire is drawn through 
the first die and given a few wraps around the block 
and passes directly into the next die. The step-cone 
type uses horizontal spindles and has several blocks 
of different diameters mounted on each spindle, giving 
the appearance of a cone. The coarser wire is drawn on 
the smaller block and passes around an idler sheave 
and into the next die and onto the next larger block. 
The diameters of the blocks are designed to take care 
of the normal elongation of the wire. Another type is 
the circular tandem type in which the blocks are ar- 
ranged in a circle, with a die between each block. Each 
block is geared to draw enough faster than the preceding 
block to take up the increase in length. The finishing 
block is usually eight inches in diameter, but m.^ny of 



Fic. 40 — 16. General view of a cone-type fine-wire drawing 
machine. 



Fig. 40—17. General view of a circular-tandem type of 
fine-wire drawing machine. (Courtesy of Vaughn Ma- 
chinery Co.) 


these machines are equipped to take up the wire on 
spools. 

In wet drawing, the drawing lubricant is a soap solu- 
tion diluted with water. This solution is pumped from 
a tank on the machine or from a central tank supplying 
several machines. The solution is piped directly to a 
nozzle which sprays the lubricant into the bell of the 
drawing die. There is enough surplus to spray the 
drawing block also. In this manner the die, the wire, and 
the drawing block are kept well lubricated. The surplus 
lubricant falls to the bottom of the machine where it 
drains out to the supply tank or into a filter system for 
recirculation. Figure 40 — 16 shows a cone-type ma- 
chine and Figure 40 — 17 shows the circular tandem type. 

Drawing Frames — Before the development of con- 
tinuous machines, all wire was drawn on what are 
known as frames, and a large percentage of wire still 
is drawn by this method. A frame is equipped with 
several wire-drawing blocks, all capable of being driven 
from a common shaft, either singly or in imison. The 
horizontal shaft extends the length of the machine, 
usually below floor level. From this shaft, vertical 
spindles are geared, and at the top of each spindle a 
drawing block is mounted. A separate clutch for each 
block permits the individual blocks to be started, oper- 
ated or stopped without affecting the others on the 
frame. The blocks are usually 22 or 26 inches in diameter 
and the spindles set at about 5-foot centers. The blocks 
are about 25 to 30 inches above the floor level and all 
gearing and other moving parts are enclosed. Each block 
has a die holder or die box which also holds the drawing 
lubricant. Each block is also equipped with a pull-out 
mechanism, which is geared to the main i^aft. In 
operation, the rod is placed on a pay-off reel and one 
end is pointed. TJiis pointed end is then threaded through 
the die. The pointed end is then grasped by a pair of 
pincer jaws which are attached to the pull-out mech- 
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Fig. 40 — 18. Plan and elevation sketch of a three-arm pay- 
off reel. (Courtesy of Morgan Construction Co.) 

anism. About three feet of wire is then pulled through 
the die. The pincer jaws are released and the wire is 
attached to the block by a clamp on the side of the 
block. The block is then started by attaching it to the 
spindle by actuating the jaw clutch which is operated 
by a foot lever. When the coil has been drawn, the block 
is declutched and the coil is removed by an overhead 
hoist. The coil is then placed on another pay-off reel 
and the process is repeated on another block until the 
required size is produced. 



Fic. 40—19. Stem of rods from the cleaning house being 

loaded by tractor into the stem-type pay-off. 

Obviously, there are disadvantages to this method. 
Each coil must be handled separately for each draft. 
All blocks on a given frame turn at the same speed and 
as the diameter of the wire is reduced, the length of 
the wire and, consequently, the running time increase, 
and more blocks must be provided for drawing wire 
to the smaller sizes in order to keep pace with the 
blocks drawing coarser wire through the early drafts. 

AUXILIARY EQUIPMENT 

Pay-Off Reels— For rods ^^^z-inch and smaller, a 
flipper-t 3 rpe reel is used. This consists of two horizontal 
arms placed one above the other, both extending from 
a vertical standard. The arms are hinged so that they 
may be moved up or down. In use the arms are collapsed 
and the rod coil is suspended on the upper arm. Both 
arms are then moved to the horizontal position and the 
rod is held vertically. In this manner each convolution 
of the rod coil can be paid off or flipped and pulled up 
to the die. Some reels arc made with three arms set at 
120®. While one coil is paying off, the other arms arc 
loaded and the ends are welded so there is no stoppage 
necessary between rod coils. Figure 40 — 18 shows a 3- 
ann reel. Another method is the stem pay-off, Figures 
40 — 19 and 40 — 20. By this method the full stem of rods 
from tlie cleaning operation is placed on a special holder. 
A long bar or U-shaped rod is placed through the 



Fie. 40—20. Battery of wire-drawing machines Ceft) being fed by stem pay-offs in the right foreground. 
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center of the coils and acts as a hold-back to keep the 
convolutions paying off uniformly. The coils are welded 
as in the flipper pay-off. 

Welders— For continuous drawing, electric butt weld- 
ers or flash welders are used. These have been developed 
to perform very well on high- and low -carbon steel. 
For welding high-carbon steel, the welders are equipped 
with annealing jaws to give the steel the proper structure 
for drawing after the weld is made. Grinders are also 
provided to quickly remove the “burr” or upset formed 
by the weld. 

Safety Stop — ^AU machines and frames are equipped 
with stops to cut off the power quickly in case of trouble. 
Between the flipper reel and the first die a snarl stop is 
placed which will stop the machine or block in case of 
a tangle or snarl before the rod is broken. All machines 
are equipped with bars around all working parts. By 
merely pushing against these bars the machine can be 
stopped. The motors are also equipped with dynamic 
brakes so that there is immediate response to the stop 
signal and there is no tendency for the machine to 
“coast.” 

Pointers — Several methods are used for pointing the 
rods or wire for the initial threading of the dies. The 
fine sizes are literally pulled apart and the “necking 
down” forms a point. The intermediate sizes are pointed 
by means of a “roll pointer” as shown in Figure 40 — 21 , 
This consists of a pair of oscillating rolls with grooves 
of varying diameters. The rod end is worked down to 
.smaller sizes by successive rolling in the grooves of 
decreasing size. The larger sizes are swaged or ham- 
mered on rotary swaging machines or are machined by 
specially designed cutting machines. 

“Turks -Head” Shaped -Wire Drawing Machine- 
Common four-sided shaped wire, such as squares, ob- 
longs or keystone shape, are frequently produced on 
cold-rolling equipment known as a “Turks-head” ma- 
chine. This consists of four hardened-steel rolls set in 
planes at right angles to each other. The narrow face of 
the rolls, as set in the framework, is adjustable on the 
same plane so that the assembly of the overlapping 
roll edges facing each other will project the contour of 
the opening so formed, into the desired shape of the 
cross-section of the wire to be made. The process wire, 
of a size somewhat larger than the finished size desired, 
is pointed and pulled through the Turks-head, being 
thus rolled to shape and size, after which it is coiled on 
a regular wire -drawing take-up block. 

Heating Effect in Wire Drawing -The plastic deforma- 
tion involved in drawing wire will induce internal heat, 
and this rise in temperature of the wire will be de- 
pendent on the composition or hardness of the steel 
and the amount of cold work or reduction of cross- 
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Fic. 40—21. “Roll pointer” for pointing lods or wire for 
initial threading through the dies. (Courtesy of Morgan 
Construction Co.) 


sectional area of the wire. In the ordinary dry drawing 
of frame or individual drafting, the wire will cool some- 
what between successive drafts, but on continuous 
drafting, the heating of the wire may be cumulative 
resulting in temperatures frequently detrimental to the 
quality of the wire. This rise in temperature may be 
restricted by several methods, such as air or water 
cooling of the wire-drawing capstans or blocks and 
the use of water-cooled dies, the latter being more of a 
secondary rather than a direct effect. The effect of the 
wire-drawing temperatures is not as detrimental to 
low-carbon steel wires as to high-carbon wires. The 
toughness and uniformity are adversely affected, and 
in drawing high-carbon wire of high tensile-strength 
requirement, by either single or continuous drafting, 
the temperature must be controlled and kept as low as 
possible. The efficiency of lubricants used in the wire- 
drawing die, and carried on the wire in continuous 
drafting, is adversely affected by excessive wire-drawing 
temperatures. Without the cooling devices, the present 
high wire-drawing speeds could not be attained and 
die life would be considerably reduced. 


SECTION 7 

WIRE-DRAWING PROCESSES AND OPERATIONS 


Results of Cold Drawing — The results attainable by 
the wire-drawing process may be summarized as fol- 
lows: 

1. Metal may be elongated and reduced in section to 
an extent not attainable by other methods. 

2. A greater degree of accuracy as to size and section 
can be attained than is possible by other methods ex- 
cepting cold rolling, which is not applicable to common 
sizes of wire, 

3. A tmiformly smooth and highly polished surface 
can be produced. 


4. The process serves as a test for the detection of 
hidden flaws in the metal. The fact that a wire has 
satisfactorily withstood the drawing operation may be 
taken as an indication that the metal was originally 
sound and free from defects liable to cause it to fail 
in service. This statement does not mean that the 
wire itself is free from all flaws or defects, for it is 
possible to produce certain flaws by improper drawing. 

5. Finally, the process affects the mechanical prop- 
erties of the metal, which fact, as noted imder the head- 
ing of tempers, makes it possible, by emplo 3 dng this 
process in conjunction with heat treatment, to produce 
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Fig. 40—22. Gain in tensile strength on drafting steels of 
carbon contents from 0.05 to 1.00 per cent. 


many wires from the same steel having different me- 
chanical properties. 

Effect of Drawing Upon Mechanical Properties — ^Wire 
drawing, like any cold working of metals such as iron 
or copper, will increase the hardness, stiffness, tensile 
stren^h and elastic limit. The ductility, as indicated 
by the elongation and reduction of area, will be cor- 
respondingly decreased. The extent of these changes in 


/ 



Fic. 40—23. Full-annealed 0.06 carbon-steel wire. Longi- 
tudinal section. Magnification: 500X. 



Fig. 40—24. Structure of 0.06 carbon-steel wire after one 

draft. Longitudinal section. Magnification: 500X. 

mechanical properties is not always directly propor- 
tional to the amoimt of drafting or cold work done upon 
the metal, as it is affected by various factors such as 
the total amount of drafting, number of drafts, per cent 
draft per draft and the type of material itself. However, 
for each set of conditions, the change in mechanical 
properties has been determined, and the processing 
necessary to produce the required grade of wire may 
be regulated accordingly. The gain in tensile strength 
in drawing of various carbon steels under standard 
conditions is shown in Figure 40 — 22 and indicates the 
hardness increase as the cold reduction of the wire in- 
creases. 

The Cause of These Changes— These changes in the 
characteristics of the metal brought about by cold 
working are to be attributed to the changes in grain 



Fig. 40—25. Longitudinal section of hard-drawn 0.15 car- 
bon-steel wire. Magnification: 500X. 
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Fig. 40—26. Structure of 0.15 carbon-steel wire after short- 
time-cycle sub-critical anneal. Longitudinal section 
Magnification: 5D0X. 


same wire after having had a number of drafts. Haps 
we grains have been elongated to a considerable extent* 
Due to the stretching of the wire in drawing and the 
cnishing effect produced by the pressure exerted by the 
die in all directions towards the center of the wire, the 
structure has become so altered that it is difficult, if 
not impossible, to locate the exact boundaries of the 
individual grains in their strained and distorted condi- 
tion. 

Limitations of Drawing— Steel may be drawn several 
drafts further than the state illustrated by Figure 
40—25, but when wire has been put into this highly 
strained condition by drawing, it loses its ductility to 
such a degree that it is not practicable to submit it to 
further drawing, and if required to be reduced in sec- 
tion still more, it becomes necessary first to restore the 
grains to the form and arrangement characteristic of 
the unworked (not strained) condition. This changing 
back of the grains to a non-distorted form simultane- 
ously restores the properties that existed in the wire 
before it was subjected to drawing. The processes em- 
ployed for restoring the grain to strain-free formations 
are annealing and patenting. The effects of these proc- 
esses will be discussed in the section on “Heat Treat- 
ment of Wire.” Enough having been said to explain the 
reasons for them, some of the chief features of wire- 
drawing practice will now be considered. 


structure such working produces. In a hot-rolled rod 
or in an annealed wire the grains have a polygonal form 
and are arranged about as shown in Figure 40—23. 
The rnicrostructure of an annealed low-carbon steel 
wire is shown in the photomicrographs of Figures 
40 — 26 and 40 — 21, All photomicrographs shown repre- 
sent longitudinal sections, parallel to the direction of 
drafting. Figure 40 — 23 exhibits grains in the steel be- 
fore drafting. Figure 40—24 shows the condition of the 
grains after the material has had one draft. Here it can 
be seen that, as the wire is being elongated while passing 
through the die, the grains in the steel actually become 
elongated, also. The grains elongate in the direction of 
the drafting and become correspondingly narrower at 
right angles to that direction. Figure 40—25 shows the 





41^—27. Structure of 0.15 carbon-stcel wire, full- 
annealed after hard drawing. Longitudinal section. Mag- 
nification: 500X* 


DRY DRAWING 

Dry Drawing Low-Carbon Coarse Wires — ^Dry drawn 
wires may be sub-divided into three groups according 
to the number of drafts given them. The first group in- 
cludes all one-draft wire, normally in 8 gage and coarser 
sizes. These wires may be used for the fabrication of 
cold-forged parts, such as bolts and rivets, or formed 
materials as wire screens, chains, etc. The second group 
consists of two-, three- or four- draft wire in sizes 9 
gage to about 14 gage. These sizes are common wire 
sizes such as usually required for hardware purposes, 
galvanized wire for fencing and telephone lines as well 
as bright wire for the manufacturing of coat hangers, 
nails, steel wool and similar products. Some of this group 
of wire will be used for process wire to be heat treated 
and drawn to finer sizes. The third group consists of 
five-, six- and seven-draft wire in sizes 15 gage to 
about 18 gage. In addition to being \xsed as manu- 
facturing wire, it is largely used as process wire, for 
which latter purpose it is annealed for drawing to fine- 
wire sizes, since 18 gage is usually considered to be 
the smallest size wire normally drawn from a % 2 -inch 
rod without annealing. 

Drawing Single-Draft Coarse Wires— On single-draft 
wires, as light a coating and lubricant is used as is 
possible to meet the needs of each case, the exact nature 
of both coating and lubricant depending upon several 
conditions, such as size and kind of stock, uses to which 
the wire is to be put, etc. These wires are generally 
drawn on 22-inch blocks. Most mills now provide “block 
strippers” which are small electric or hand-operated 
hoists erected over the blocks, for lifting the heavy 
bundles off the blocks and onto buggies. The usual 
speed of drafting on this class of product is from 25 to 
60 r.p.m., or 144 to 346 feet per minute. The reduction 
in size of this one-draft wire is usually about inch 
in diameter, and varies according to the purpose to 
which it is to be put. For bright finish wire, the princi- 
pal object of the drawing is to remove the inequalities 
in dimension and finish of the hot-rolled rod and at the 
same time to retain, as far as possible, the mechanical 
properties characteristic of the hot-rolled steel If the 
light draft necessary to accomplish t^ first result 
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renders the wire too hard for the purpose intended, the 
requisite softness in the finished wire is obtained by 
using a hot-rolled steel with very low carbon content 
or an annealed wire as the starting material. 

Drawing Two-, Three-, and Four-Draft Wires— In 
this second group of dry drawn wires are found 
practically all the process wire for finer sizes and the 
largest tonnages of finished wire. For the two-draft 
wire, the rod may be given a medium lime coating with 
or without sull, according to the finish desired; while 
for three- and foxir-draft wires, a medium or heavy 
lime coating is needed on the rod. The lubricant for the 
first draft should be of such character and consistency 
that all succeeding drafts may be effected without dam- 
age to the wire or die. The reduction per draft, the speed 
of drawing, and other such features will vary for this 
class of wire, as well as for other kinds, with different 
companies and in different mills, but the following ex- 
ample represents conservative practices: Starting with 
a % 2 -inch low-carbon rod, this would be drawn to a 
No. 8^ wire on the first draft, to a No. 10 V 2 wire on the 
second draft, to a No. 12 on the third draft, and to a No. 
13^/^ on the fourth draft — all on 22-inch blocks. The 
corresponding percentage reductions would be approxi- 
mately 41, 35, 32 and 34, for each draft. 

Drawing Five- and Six -Draft Wires— The third group 
of wires are given their finish drafts on 16-inch blocks, 
which run at a peripheral .speed of 160 to 272 feet per 
minute on frame drawing, or about 1200 to 1500 feet per 
minute on continuous machines, depending on the com- 
position of the steel. In this group are found the hard- 
drawn wires which have already received three or four 
drafts on 22-inch blocks, and arc to receive one, two or 
three drafts to No. 15, 16^4, or 17 V 2 gage, as well as wire 
drawn five or six drafts direct to finished size on the 
16-inch continuous machines. 

Process wire, which was annealed at 13 or 13 ^^ gage, 
may also be drawn five or more drafts to about 20 gage, 
finishing on 16-inch blocks. 

Drawing No. 14, 15 and 16 Wires— In addition to the 
wires discussed in the two preceding paragraphs, there 
is a relatively large tonnage of wires drawn four, five 
and six drafts from the rod on 22-inch blocks without 
process annealing. The most important of such wires 
are No. 14, drawn four drafts from the rod on 22-inch 
blocks, and five- and six-draft No. 15 and No. 16, drawn 
the same way. 

Drawing High -Carbon, or Special Wires — ^The class 
here referred to as high-carbon wires is made up of a 
great variety of wires used for many different purposes. 
These wires include the four different grades of rope 
wire, the various kinds of spring wire, as well as music 
wire, spoke wire, brush wire, card wire, pile wire, 
pivot wire, safety pin wire, sewing-machine needle wire, 
phonograph needle wire, and various other highly 
specialized products. Because these wires are made to 
specifications somewhat out of the ordinary, either as to 
finish or mechanical properties, requiring special treat- 
ment at some stage in their manufacture, they are col- 
lectively known as special wires. As to the method of 
drawing, the actual processes for drawing these wires 
do not differ from those for drawing low-carbon wires 
except as to details, and such differences as do exist are 
due to the greater care that must be exercised with the 
high-carbon wires. These differences may be sum- 
marized as follows: 

1. In the case of certain products, such as music wire 
and some grades of rope wire, the rods are patented be- 
fore they are drawn. This treatment refines the grain 
structure of the rods, homogenizes the structure, and 
provides better drafting qualities. 


2. The cleaning of high-carbon rods or wire re- 
quires greater care to avoid “smutty” surfaces and to 
prevent acid brittleness, which has a more harmful 
effect upon high-carbon than upon low-carbon wires. 

3. The coating must be heavier and more uniform on 
the high-carbon stocks in order to prevent scratching 
of the wire and cutting out of the dies. 

4. A longer time of baking is required to counteract 
the effects of the cleaning acid. 

5. As a lubricant for drawing high-carbon wires, a 
specially prepared soap powder is used, as the very 
best lubricant possible is necessary for satisfactory 
results in drawing. 

6. The speed of drawing and the amount of reduction 
per draft must be carefully regulated to prevent the 
structure of the wire from being harmfully affected by 
the drawing. 

7. High-carbon process wires are usually patented in- 
stead of annealed, whenever it is necessary to remove the 
hardening effect of previous drafting. This special heat 
treatment (which will be described later) provides, in 
the case of high-carbon wires, better drawing qualilic.s 
and produces a much stronger and tougher finished 
wire than annealing. This treatment, when followed by 
proper drafting, gives the highest possible strength. 
High-carbon wire is spheroidized annealed if maximum 
softness is required. 

8. As is well known, the higher carbon steels are more 
sensitive to heat treatment than the low-carbon steels, 
hence, they require correspondingly greater care in 
heating and cooling. Not only must too high tempera- 
tures in heating be avoided, but care must be taken to 
maintain uniformity in temperatures and rate of cooling 
in order to obtain uniformity in the finished product, 
which is particularly important and desirable in the 
case of the uses to which most high-carbon wires are 
put. 

WET DRAWING 

As previously stated, wet or liquor-finish drawing Is 
applied to a large percentage of wires smaller than 20 
gage and to all coarser wires requiring a liquor finish, 
and is distinguished from dry drawing by the kind of 
coating given the wires and the fact that they are drawn 
wet from a vat of fermented rye-meal liquor or a 
substitute alkaline soap solution. As to the actual opera- 
tion of drawing, the wet process does not differ from 
the dry, except that little or no lubrication is needed 
other than that furnished by the metallic coatings and 
the liquor. The percentage reduction per draft, however, 
is materially less in wet than in dry drawing, and of 
the two processes, wet drawing is the more expensive. 
For this reason it is the practice, in the case of coarse 
wires, to draw the wire dry to within one size or a half 
size of the finish before coating and drawing wet to 
finish. The size to which fine wires are drawn dry be- 
fore coating and drawing wet depends upon the size 
of the finished wire and the purpose for which it is to 
be used, but generally the dry drawing will stop at 
about No. 17 or No. 20 gage, the latter representing the 
usual limit for dry drawing. 

Manner of Handling Material for Wet Drawing - 
After being cleaned, all wire for wet drawing is de- 
livered to the wet-wire department immersed in water 
contained in barrels or tubs, where it remains until the 
mill is ready to draw it. Just before drawing, each coil 
of wire is removed from the water and dipped into a 
coating solution of the correct composition to give the 
kind of coating desired. If the wire is to be finished by 
single drafts, the coil is then placed on a reel set in a 
tub containing the fermented rye-meal liquor, from 
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which it is drawn wet through a die of correct size and 
kind by a block of proper size and strength. If the wire 
IS to receive several wet drafts, the drawing may be 
done on a continuous machine. These machines give 
very satisfactory service in wet drawing, because the 
drums may be partly submerged in the liquor which 
keeps the wire cool. While the coating and liquor are 
generally relied upon to supply the necessary lubrica- 
tion, tallow occasionally will be rubbed on each coil 
at one or two places after coating, and large sizes of wire 
are sometimes dipped in soap water, to supply additional 
lubrication. As to the composition of the coatings, the 
bra.ss (copper and tin) coatings give a better wearing 
or drawing surface than the pure copper coating, and 
these coatings are, therefore, used in all liquor drawing, 
especially of high-carbon wires, unless a copper-colored 
finish is required. The drawing operations have the 
efiect of burnishing the coatings so that the wire has 
a fine finish, but, while these metallic coatings cover 
the wire completely, they are extremely thin and 
cannot be relied upon to give much protection against 
corrosion. 

Number and Sequence of Operations for Fine-Wire 
Drawing — ^Previous discussions have indicated that a 
great number of operations are required to produce a 
wire of very small size, and also that these operations 
vary in number, type and sequence according to the 
size of the wire, the grade of steel, and fabrication re- 
quirements. No one kind of wire, therefore, can be taken 
as typical of all fine wires and space is not here available 
for describing in detail the manufacture of even a few 
of the more common wires. However, it seems desirable 
at least to give some idea of the great amount of work 
required to produce these wires, and this may best be 
done by an example. For this purpose, a No. 34 gage 
(0.0104-inch) low-carbon wire has been selected which, 
as fine wire goes, is produced in relatively large ton- 
nages. The steel used is usually a low-carbon basic 
open-hearth steel of a type which lends itself to 
continued heavy drafting and the severe plastic de- 
formation involved in such section reduction. After this 
steel has been properly made in the open-hearth fur- 
nace, cast into ingots, and soaked, it is rolled into billets, 
which are reheated and rolled into the standard %•>- 
inch (0.218-inch) rod, each rod coil weighing around 
600 pounds as rolled from the more modern continuous 
hot mills. This rod is cleaned, lime coated, and baked, 
after which operation it is dry drawn about five drafts 
to 14 gage (0.080-inch) on 22-inch blocks, usually on 
continuous-drawing machines, at 1500 feet per minute. 

It may be annealed or not, depending on further proc- 
essing, drawn six drafts to 20 gage (0.0348-inch) on 
16-inch blocks, usually at 1500 feet per minute on con- 
tinuous machines. Coils may be split at the machines 
and then are bright annealed in pots under controlled 
atmosphere, cleaned and metal coated, placed on pay- 
off reels and drawn wet about twelve drafts on cone- 
type continuous drawing machines to 34-gage. 

Tungsten carbide dies are used on all of the twenty - 
three drafts. The wire, in 25-pound coils, is next in- 
spected and tested, when it may be shipped as bright 
wire without further work, or be tinned, galvanized, or 
annealed as required by the purpose for which it is 
intended. Low-carbon wires much coarser than No. 34 
gage, may be given but a single anneal in process, 
t^ally between the dry and wet drawing, or the two 
annealings may be located at different points from 
those cited above, while wires much finer than No. 34 
size may be given three annealings in process. 

Drawing Copper Wire — ^While this chapter is con- 
cerned only with the drawing of steel wire, a few words 
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concerning the drawing of copper wire should be in- 
cluded, perhaps, especially since many of the wire 
manufacturers regularly draw wire from both of these 
metals. As to the actual drawing operation, the drawing 
of copper wire differs from that of steel wire only in 
minor details. Copper rod or wire is never coated. It is 
merely dip-cleaned in sulphuric acid to remove the 
oxide, then washed with a hose and dipped into hot 
water, the last operation being employed so that it will 
dry quickly. Fine sizes in coils, however, may require 
an additional operation, as they are usually dried in 
bake ovens. As the lubricant for the dry drawing of 
copper wire, tallow or tallow mixed with a drawing 
compound is used. To anneal copper wire after hard 
drawing it is heated to redness and cooled either rapidly 
or slowly. Most of the copper-oxide scale can be re- 
moved by quenching red-hot copper wire in cold water. 

Precautions in Drawing — Proper Alignment of the Die 
— ^The correct setting of a die is an important part of a 
wiredrawer’s work, to which too much attention cannot 
be paid. As indicated in Figure 40 — 28, the die holder is 
fastened to the frame by a bolt allowing a lateral 
swinging movement. The pull of the wire is on a line 
from the center of the bolt to the fillet at the base of 
the block, and the face of the die should be at right 
angles to this center line. The hole through which the 
wire is drawn should be so in line that the center line 
of the hole will coincide with the pull of the wire, or 
with a line drawn from the center of the bolt holding 
the die box at a tangent to the block. Suppose the wire- 
drawer carelessly uses a hole at one side of the center. 
The die box swings around, but if the center line of the 
hole docs not coincide with the pull of the wire, off- 
sized or scratched wire will be produced, and the die 
will speedily wear out. The sketches of Figure 40 — 28 
show these two conditions. The upper sketch shows two 
positions of the die holder. The position shown by the 
solid line is assumed when wire is being drawn through 



Fig. 40—28. Sketches illustrating the importance of proper 
alignment of the die in wire drawing. 
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a hole of a die which is placed correctly in the holder. 
The line CD represents the center line of another hole 
in the same die. If the wire drawer starts to draw a piece 
of wire through hole CD without moving the die to bring 
it into a central position in the holder, the holder will 
assume the position shown in dotted lines and its center 
line will not be tangent to the block and center line CD 
will then not be tangent to the wire-drawing block. 
The effect upon the wire is illustrated in the larger 
scale drawing. The wire is there shown drawing off the 
lower edge of the die, and thus off-sized wire will be 
produced, and the life of the die will be shortened. The 
die should also be set in an upright position. Sometimes 
the clamping screw is not in just the proper position, 
and a bar of steel is used to shim it up, which is allow- 
able only if properly used. The die should be lined up a 
little below the fillet of the block. This will permit the 
leading of the wire on the block in such a way as to 
cause it to slide up properly. Some die holders are 
equipped with a hinged joint to permit a motion in a 

Table 40 — Standard Size Tolerances for Wire 
Size Tolerances for Uncoated Coarse Round Wire in Coils 
Size, in. Tolerance, Plus and Minus 

0.500 and larger 0.003 

Under 0.500 to 0.076, incl. 0.002 

Under 0.076 to 0.035, incl. 0.001 

Out-of-round i.s customarily one-half the total gauge 
tolerance. 

Size Tolerances for Coarse Round Galvanized Wire in Coils 


Tolerances, Plus and Minus, in. 

Regular Type 1 Type 2 Type 3 
Size, in. Coating Coating Coating Coating 


0.500 to 0.251, incl. 

0.004 

0.004 

0.005 

o:oo6 

0.250 to 0.148, incl. 

0.003 

0.003 

0.004 

0.005 

0.147 to 0.076, incl. 

0.003 

0.003 

0.003 

0.004 

0.075 to 0.035, incl. 

0.002 

0.002 

0.002 

0.003 


Size Tolerances for Uncoated Fine Round Wire in Coils • 
Size, in. Tolerances, Plus and Minus, in. 


0.0625/0.0348 

0.001 

0.0347/0.0271 

0.0008 

0.0270/0.0200 

0.0006 

0.0199/0.0151 

0.0005 

0.0150/0.0101 

0.0004 

0.0100/0.0060 

0.0003 

0.0059/0.0044 

0.0002 

Size Tolerances for Galvanized Fine Round Wire in Coils • 


Standard Tolerances, in. 


Size, in. 

Type 1 

Coating 

Type 3 Coating 

Plus 

Minus 

Plus 

Minus 

0.0625/0.0348 

0.0015 

0.0015 

0.002 

0.002 

0.0347/0.0271 

0.0015 

0.0010 

0.002 

0.001 

0.0270/0.0200 

0.0013 

0.0005 

0.0015 

0.001 

0.0199/0.0151 

0.0010 

0.0005 

— 

— 

0.0150/0.0101 

0.0008 

0.0004 

— 

— 

0.0100/0.0060 

0.0005 

0.0003 

— 

— 


•These tolerances do not apply to special wires which 
have been annealed as a separate operation following 
cold drawing or immediately prior to coating. 


nearly vertical plane. This is to overcome the tendency 
to pull hard on the upper side of the hole when the 
block is first started. This tendency is due to the fact 
that the vise is usually on the top of the block and the 
pull is upward. 

Drawing Limits and Tolerances — ^Although every 
effort is made to draw the wire as true to the required 
shape and size as possible, exactness in these respects 
is almost impossible under commercial conditions, and 
all wire produced under such conditions will vary some- 
what in diameter and section. These variations may be 
due to a varying degree of hardness in the metal being 
drawn, to somewhat rapid wearing of the die, or, in the 
case of wet-drawn wires, to unsuitable or imperfect 
coatings. Some tolerance is necessary therefore, but it 
is important that those tolerances be kept within certain 
limits defined by the use to which the wire is to be put. 
The tolerances used by the wire industry are divided 
into four groups of allowable variations in the diameter 
of the common grades of round wire, other than special 
grades, and designated as standard, semi-special, special, 
and extra special drawing. Each of these sets of toler- 
ances contains the variations allowable, which are ad- 
justed to the size of the wire as indicated in Table 40 — III. 
The standard tolerances are those adopted by the Amer- 
ican Iron and Steel Institute (AISI) and are given in 
their Steel Products Manual, Carbon-Steel Wire, Sec- 
tion 16. 

All wire is gaged carefully in two or three places 
around the circumference, just after the first end of 
the coil is pulled through the die and at the finished end 
to insure that it is of the correct size and shape. Wire 
ordered by gage number, by decimal, or by fraction 
of an inch, is gaged with a micrometer gage. 

SPECIAL FINISHING OPERATIONS 

Straightening and Cutting Wire — With the exception 
of the largest sizes, all wire, both round and shape, is 
drawn on a block and, therefore, at the finished size, 
is still in the form of a coil. But for certain purposes it 
is desired to have the wire furnished in short straight 
lengths, rather than in coils. This straightening and 
cutting work is usually done on some type of machine. 

Whirls— For common round wire, automatic ma- 
chines are employed for straightening and cutting the 
wire. These machines are required to perform three 
operations simultaneously or in very rapid succession, 
namely, pull the wire forward, straighten it, and cut it 
into the lengths desired. The mechanism for straight- 
ening the wire is known as a head or whirl. It contains 
a number of staggered dies which bend the wire slightly, 
as it passes through, in reverse directions so as to re- 
move the bends and kinks and leave it straight. The 
wire to be straightened is automatically fed through the 
whirl and onto an apron, where it actuates a mechani- 
cally or electrically driven cutting tool which cuts the 
wire into uniform short pieces of the length desired. 

Roll Straighteners — ^For shapes and flats the roll 
straightener is used. This machine consists of a set of 
vertical and also of horizontal rolls which can be so 
adjusted that pressure can be brought to bear on the 
sides, top and bottom of the wire. On these machines 
the first sets of rolls put a considerable bend in the 
material to remove the kinks, and succeeding sets of 
rolls reverse this bend just enough to leave the wire 
perfectly straight. Squares, rectangles and hexagons, 
narrow flats that are not too thin, most shape wires, and 
also very fine wires, can be straightened on this type of 
machine provided the machine is properly designed 
for them. 

Stretching Machines — ^A process of straightening by 
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stretching is used on some fine soft annealed wire. The 
usual products straightened in this manner are copper 
wire, which may be as coarse as No. 15; tinned tag and 
florist wires, from No. 20 to No. 35 gage; and soft an- 
nealed wire. To straighten such wire, it is wound 
onto a wheel about 8 feet in diameter, and the coil is 
then slipped off and placed over two lugs on a hydraulic 
machine. When the ram of the machine is set in motion 
one of the lugs moves away from the other, first drawing 
the coils out straight, then stretching the strands some 
three or four inches. The stretched and straightened 
strands, which may number as high as 1,000 on the 
smaller sizes, are then cut to length. This process does 
not produce wires that are so straight or that are so 
exact and uniform in length as the other methods. 

INSPECTION AND TESTING 

Importance of Inspection — Of equal importance with 
the various processes in making wire is the thorough 
system of inspection and testing to which the material is 
subjected during its progress through the mill and 
after finishing. Beginning with the hot-rolled rod, tlie 
material undergoes frequent and careful inspection 
during manufacture and is subjected to whatever tests 
are needful to determine its fitness for the service re- 
quired. 

Final Tests on Wires — Wire for shipment to customers 
is regularly inspected and tested at both ends of each 
bundle for size, finish and temper. For temper, small 
sizes are tested by a kink test, medium sizes by a bending 
test, large sizes by a nick-and-break test. The better 
grades of wire are subjected to a machine test for tensile 
strength and elongation, and some of it may be given 
severe torsion tests. All telephone and telegraph stock 
is tested also for conductivity. All exact- weight bundles 
are net weight of wire, excluding wrapping material. 
Wet-drawn wires are invariably prepared; that is, 
bundles are covered with paper, IduI they may also be 
wrapped in burlap when so ordered. 

Defects in Wire — ^After the wire has been drawn, it 
may be found defective or unsuitable for the purpose 
for which it was intended, and every effort is made 
to detect and discard all such wire. The chief sources 
of trouble can usually be placed under one of the fol- 
lowing headings: off size or shape, internal defects, 
surface defects, and improper mechanical properties. 

Size and Shape — ^The reasons for wires being off size 
or .shape have been already given. While every effort is 
made to draw the wire to the tolerances given, the 
tolerances themselves may be too great to permit use of 
the wire in an exacting application. Where extreme 
dimensional accuracy is needed, proper specifications 
.should be established before the wire is drawn so that 
product can be made to suit the special requirements. 
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Internal Defects— If the steel from which the wire li 
made contains pipe or seams, these will remain in tbi' 
wire, but are usually so minute that they cannot be 
found by any of the ordinary means of inspection. Any 
slight segregation in the steel will also induce defects 
in the wire. This segregation causes uneven temper and 
is also thought to induce, at times, a defect known as 
“cupping.” A “cupped” wire is one the fracture of which 
exhibits the cup and cone form. This defect, it is be- 
lieved, may also be caused by improper drafting. Such 
hidden defects are very difficult to detect and frequently 
cannot be found except by actual use of the wire. 

Surface Defects — Sometimes the finish of the wire does 
not meet requirements. If the finish is not satisfactory 
it may be due to poor cleaning, to the use of improper 
coatings or other cau.ses. In the case of liquor -finished 
wires, especially, the color may not be of the particular 
shade desired, or it may vary too much in different 
bundles. When these features are of special importance, 
they should be stated on the order, so that special at- 
tention may be given to meeting requirements in this 
respect. Other surface defects in wire arc scratches, 
slivers, and seams. Scratches are caused by using a die 
in poor condition, or they may result from improper 
lubrication or from pieces of metal or other gritty sub- 
stances being drawn into the die with the wire. Slivers, 
as the name indicates, are sharp pointed projections of 
metal that rise from the surface of the wire. They may 
be caused from any one of a great number of sources, 
including the ingot and rolling practice. Scams are 
longitudinal cracks in the surface of the wire and are 
generally traceable to lack of proper care in rolling. 
Therefore, in the wire they are very small, and are 
sometimes very difficult to detect. 

Mechanical Properties — The mechanical properties of 
any wire will depend upon the chemical composition 
and quality of the steel as well as the exact nature of 
the drafting practice and of the heat treatment it has 
undergone. The particular application or method of 
fabrication determines the grade of wire necessary. A 
finished wire taken at random will not be suitable for 
all purposes, as the strength and ductility may vary 
from a 50,000 lb. per sq. in. tensile strength for an an- 
nealed low-carbon tie wire to 350,000 lb. per sq. in. 
tensile strength for a high-carbon music wire. If the wire 
manufacturer is fully informed both as to the desired 
properties of the wire and its application, the require- 
ments can be met by proper selection of composition, 
heat treatment and predetermined amount of hardening 
by cold working in wire drawing. Many products such 
as upholstery springs, rope, telegraph wire, etc., are 
recognized in the industry as regular grades of wire 
for standard applications, being covered by standard 
indu.stry specifications, and may be ordered a.s such. 


SECTION 8 

HEAT TREATMENT OF WIRE 


Heat-Treating Processes used in the wire industry in- 
clude subcritical or process annealing, patenting, and 
hardening and tempering. Of these, patenting may be 
described as a special toughening process used only in 
the wire industry, while annealing, hardening, and 
tempering play such an important role in the industry 
Jind the methods of applying these processes have be- 
come so highly specialized that, although their general 
principles and their application to other branches of 
the steel industry have been thoroughly discussed in 
other chapters of this book, a brief account of their 


specific application to thc^ wire industry is included in 
this chapter. These processo.s arc briefly described and 
discussed in the order of their importance, which is the 
order in which they were first mentioned above. 

Importance and Purposes of Annealing — Of the three 
wire heat treatments mentioned above, subcritical or 
process annealing is the most common, and it is prac- 
tically the only heat treatment given to the soft, or low- 
carbon, steel wires, which constitute by far the bulk of 
wire production. In general the process is employed in 
the wire industry to accomplish any one of the following 
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objectives: (1) to refine, soften, and make uniform the 
grain structure of rods or wire; (2) to obtain a specific 
structure in, and thus impart special properties to, 
process wire or the finished material, and (3) to soften 
the wire after cold- working, i.e., drawing or cold-rolling. 

Nonnalizing (Cycle Annealing)-~Normalizing consists 
of heating the rods or wire to above the transformation 
temperature and cooling in still air at room temperature. 
This practice is tisually followed when treating medium- 
carbon steels of about 0.25 to 0.45 per cent carbon to 
obtain uniformity of structure and hardness. Nor- 
malizing imparts t)ie proper ductility or flowability as 
required for certain cold upsetting and forging applica- 
tions, and much of the medium-carbon bolt wire is 
therefore normalized in tlie regular course of manu- 
facture. This non lalizing process consists of passing full 
coils of rods or wire on a moving conveyor through a 
furnace made up of three zones, “preheating,” “soaking” 
and “cooling” zones, the temperatures of which are 
automatically controlled. In tlie soaking zone, a tem- 
perature of approximately 1600 ® F is maintained. Com- 
binations of several variables permit variations in the 
heating and cooling cycles and the cooling rate is usually 
retarded. By the use of controlled atmospheres in the 
furnace, decarburization and scaling may be held to a 
minimum. 

Annealing for Definite Structures — This type of an- 
nealing is applied to the higher carbon steel wires, i.e., 
those with a carbon content of 0.40 per cent or more, 
in order to obtain certain definite structures, and is 
similar to the treatment given carbon tool steels and 
other high-carbon steels in order to make them easy to 
machine. If steel having a pearlitic (lamellar) structure 
is heated to 1300" F (704" C), and is held at that tem- 
perature for a sufficiently long period of time, the iron 
carbides slowly coalesce, changing from a platelike form 
to a granular, globular, or spheroidal form. By properly 
regulating the temperature of the treatment, structures 
intermediate between these two extremes and best 
suited to the purpose for which the wire is to be used 
may be obtained with temperatures in excess of 1330 " F 
yielding a correspondingly greater percentage of pearlite 
as the temperature increases. These structures are 
sought in high-carbon wires mainly to enhance their 
machinability. Close regulation of the temperature is 
imperative in this type of annealing, for in heating the 
steel to a point so near the critical range, a difference 
of 50 " F in the temperature often means the difference 
between obtaining the spheroidized carbide structure 
sought and the lamellar (pearlitic) structure which it 
is desired to efface. 

Process Annealing to Soften Hard-Drawn Wires — In 
the previous section, it was pointed out that each suc- 
cessive draft in drawing a wire has a certain hardening 
effect upon the metal; that the grains become elongated 
in the direction of drafting; that, as the drafts are re- 
peated and the wire becomes progressively harder, a 
point is reached at which the wire will break if sub- 
jected to further drafting; and that well before such a 
condition of brittleness is reached, it is necessary to 
heat-treat the wire in order to put it in a condition that 
will permit further processing without injury. For 
reasons which have already been stated or will be made 
apparent in the discussions to follow, high-carbon wires 
are generally patented, while low -carbon wires are 
annealed. 

Process Annealing — ^For softening wires in process of 
manufacture, process annealing at sub-critical tem- 
peratures is tisually employed. This type of annealing 
is used mainly to restore the ductility of hard-drawn 
low-carbon wires at process size so that they may be 


drawn to finer sizes, although it is also employed to 
adjust the mechanical properties of some wires at fin- 
ished size as required by their application. To accom- 
plish these results, it is only necessary to heat the wire 
to below the lower critical range, as a temperature be- 
tween 1000 " F and 1250 " F is sufficient to soften the 
steel to such an extent that the material is almost as 
ductile as it was before any drafting was done. The 
reason for this is illustrated by a comparison of the 
photomicrographs of hard -drawn and annealed wire in 
Figures 40 — ^23 to 40 — 27. Figure 40 — 23 shows the form, 
arrangement, and size of the grains in the full annealed 
steel. In this condition, this steel exhibits a tensile 
strength of approximately 48,000 lb. per sq. in. and an 
elongation of approximately 33 per cent in 10 inches. 
Figure 40 — 24 shows the structure after a single draft; 
the grains are somewhat elongated in the direction of 
drafting. Figure 40 — 25 shows the structure of the wire 
after it has had about five drafts, and it will be observed 
that the grains have been generally elongated into a 
stringer-like or fibrous structure, greatly changed from 
the original equiaxed grains of Figure 40 — 23. This wire 
would have a tensile strength of about 125,000 lb. per 



Fig. 40 — 29. Curves showing changes in mechanical prop- 
erties of hard-drawn low-carbon steel wire after an- 
nealing at various temperatures up to 1200 " F. 

sq. in. e-md an elongation of about one per cent. At an 
elevated temperature, such as 1000 " F, the grains re- 
crystallize, thereby forming new grains. The greater the 
amount of plastic deformation, the lower the recrystalli- 
zation temperature. Such incipient recrystallization or 
forming of new grains is indicated in Figure 40 — 30. 
Grain size is shown in the photomicrographs to increase 
as the temperature of annealing and the time the wire 
is held at temperature increase. The grain size obtained 
after the long time annealing cycle and recrystallization 
at 1200 " F is similar to that of the original structure, 
although certain remnants of the structure produced 
by drawing still remain, with some residual directional 
properties. 

The mechanical properties obtained by annealing 
hard-drawn low-carbon wires at various temperatures 
up to 1200 • F are shown in the graphs of Figure 40 — ^29. 

Size of Grains — ^While the preceding paragraph shows 
the effect of grain distortion upon the mechanical prop- 
erties of steel, nothing is said about the effect of grain 
size on these properties, and in all annealing, as well 
as other forms of heat treatment, the matter of grain 
size is of considerable importance. Barge grains lower 
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A. Hard drawn wire. 



-!K 



B, Annealed 600“ F, 1 hour. 



E. Annealed 900 “ F, 1 hour. 



I. Annealed 1050 " F, 1 hour. 



F. Annealed 950 “ F, 1 hour. J. Annealed 1100 " F, 1 hour. 



C. Annealed 800 “ F, 1 hour. 


' ' -- .1 % 

r 




' Va ^ ' 



G. Annealed 975 “ F, 1 hour. 


K. Annealed 1150 “ F, 1 hour. 



D. Annealed 850 * P, 1 hoxir. H. Annealed 1000 * F, 1 hour. L. Annealed 1200 * F, 1 hour. 

Fig. 4(K-30. Series of 12 photomicrographs illustrating the changes in microstructure of a hard-drawn wire after an- 
iiftftlin g at various temperatures. All longitudinal sections. M ag n i fic ation: lOOOX. 
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the tensile properties of the metal somewhat, while 
small grains make it not only stronger but tougher. 
The reasons for this, as well as the effects of cold working, 
are to be found in the structure of the grains themselves. 
Structurally, each grain is in reality a small crystal 
in which the atoms of which it is composed are ar- 
ranged in regular rows and “layers,” as described on 
pages 11 through 15. Crystals deform through movement 
of adjacent parts along definite planes, called slip 
planes, whose location and direction within the crystal 
are determined by the positions of the atoms within 
the space lattice. Anything that interferes with this move- 
ment will make the metal more resistant to deformation, 
while anything that promotes slip will lower its re- 
sistance to deformation. Small grains offer greater in- 
terference to slip than large grains, because the slip 
planes in different grains lie at different angles, and 
in any one of such small grains the slip cannot progress 
far before it is stopped by an adjacent grain. Each grain 
offers considerable resistance to the force causing the 
slip, because the direction of possible slip movement 
may differ greatly from the direction of the applied 
force. In a small section, such as a wire, where the ratio 
of the diameter of the wire itself to that of the crystals 
is relatively small, the effect of large grains on lowering 
the tensile properties is likely to be very noticeable. 
The increase of strength due to drawing may also be 
explained from the standpoint of slip interference, for, 
as the grains are distorted, the slip interference becomes 
greater and greater until most of the grains have been 
drawn into parallel stringers and there are no more 
planes of easy slip on which further motion can take 
place. In this condition, the force required to pull the 
wire apart should approach the force of attraction of 


the molecules or atoms themselves, since the wire no 
longer can adjust itself to the load by deforming, but 
it never does because some of the grains begin to break 
before the others. The resulting ferrite grain size is re- 
ferred to as “structural grain size,” and is not to be 
confused with austenitic grain size. 

The Conditions for Process Annealing involve three 
factors, namely, strain, time, and temperature. Without 
strain no change in the crystalline structure takes place 
on heating below the critical range. As to the effect of 
the amount of the strain in causing grain growth, or 
rearrangement, below the critical range, Sauveur has 
shown that, in the case of steel containing from 0.04 to 
0.12 per cent carbon, very slight straining followed 
by annealing at 1200 ® F f or 7 hours produces no grain 
growth, but that moderate straining (approximately 
15 per cent) , such as might be effected by a single light 
draft, and annealing cause the grains to grow to very 
large size resulting in “orange peel” surface if the wire 
is deformed; over-strainmg, or severe distortion, and 
annealing at the same temperature and for the same 
length of time produce grains of small size, comparable 
with the structures shown in Figures 40 — 23 and 40 — 24. 
The condition of strain producing large grains is seldom 
met with in process annealing of wire, because the 
grains of such wires are usually distorted far beyond 
that point. However, when a consumer expects to anneal 
wire, this fact should be made known to the manu- 
facturer; it will then be possible, except in a few cases, 
to supply wire that will not form large grains under any 
annealing conditions. In the case of pure or almost 
pure iron, and steel containing more than 0.12 or 0.15 
per cent carbon, the amount of strain, according to 
Sauveur, has no effect in producing large grains on an- 



Fic. 40—31. Curves showing approximate effect of carbon 
content and heat treatment on tensile strength of steel 
wire. 
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nealing, but others have shown that the same tendency 
persists in 0,20 to 0.30 per cent carbon steel. 

Time and Temperature for Annealing—From what 
has already been said, and the evidence supplied by 
Figure 40—30, it is evident that, for the best results in 
annealing, careful regulation and adjustment of the 
time and temperati^e are necessary. In all types of an- 
nealing, sufficient time must be allowed for the whole 
charge to reach the required temperature, and in low- 
temperature annealing additional time is required for 
the development of the structure desired. Process an- 
nealing requires careful adjustment of time and tem- 
perature in order to avoid the formation of large grains, 
and, at the same time, eliminate the effects of the cold 
working, because at a low temperature the atoms or 
molecules move at a slower rate, and more time is re- 
quired for their adjustment than at higher temperatures. 
As to temperature, the fact that full control and careful 
regulation of this factor in all annealing is necessary to 
satisfactory results cannot be too highly emphasized. 
It the temperature is too low, it may fail entirely to ac- 
complish the results desired in process annealing. In 
some cases adjustment of tlie temperature to the size 
of the wire is also necessary. Fine wire in coils, for 
example, is generally annealed at as low a temperature 
as practicable, in order to avoid the sticking of the wire 
in the coils. After these remarks it is scarcely necessary 
to say that accurate and carefully standardized pyrom- 
eters form an essential part of any equipment for the 
proper annealing of wire. 

The tensile strength (at various carbon levels) of 
wire full-annealed or recrystallized by annealing above 
the upper critical point, followed by slow cooling, is 
shown in Figure 40 — 31, as well as that of wire subjected 
to annealing in a molten lead bath (one form of a “sub- 
critical anneal” involving a short time cycle of heating 
and cooling). It should be noted that it is possible for 
sub-critical annealing to produce approximately the 
same tensile strength values obtained by full annealing, 
providing the long time cycle of heating and cooling 
used in the former treatment is observed. A comparison 
of the effects of full annealing on rccrystallization and 
grain size with short time sub-critical annealing of hard- 
drawn wire is indicated by the photomicrographs of 
Figures 40 — 26 and 40 — 27. These differences in structure 
are reflected in the lowei tensile properties of full- 
annealed wire shown in Figure 40 — ^31. 

METHODS OF ANNEALING WIRE 

While it is possible, theoretically at least, to anneal 
wire in any apparatus in which the proper conditions 
of time and temperature can be maintained, the ef- 
ficient handling of the material calls for, and some of 
the finishes and conditions to be met demand, equipment 
specially designed for the purpose in mind. These 
conditions, in general, call for differences in the time of 
annealing, and differences in the methods of applying 
the heat, and usually require that the material be 
protected against oxidation. To meet these conditions, 
four different methods requiring entirely different ap- 
paratus and equipment are used. These are known as 
muffle annealing, pot annealing, continuous lead an- 
nealing and tube annealing. 

Muffle Annealing represents the crudest form of an- 
nealing used in the wire industry and must not be 
confused with heat treatments carried out in modem 
muffle furnaces of the type described in Chapter 21. 
The common muffle furnace consists of a brick-lined 
chamber about 12 feet long, 8 to 12 feet wide and 2 to 
2 V 2 feet high. At the back of the chamber and separated 
from the muffle proper by a baffle wall Is a grate for 
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burning the fuel which heats the furnace. At the op- 
posite end of the muffle chamber is a hanging door 
spanning the width of the furnace, through which, when 
open, the wire is charged and discharged. The bottom of 
the chamber is provided with a grating of iron rails or 
castings known as “muffle ladders,” the object of which 
is to form a support for the wire so that the furnace 
gases will be free to circulate beneath it. The wire is 
seriously oxidized on its surface by being in contact with 
the open flame, which passes over the fire wall into the 
muffle proper and then out of the flues to the stack. For 
this reason, muffle annealing is generally employed only 
to meet unusual conditions. 

Salt -Bath Annealing — Molten salt-bath annealing is 
sometimes practiced for process annealing of common 
sizes of wire. The wire, in coils, is immersed for one- 
half hour to one hour in gas -fired pots containing molten 
salt which is held at some predetermined temperature 
between 1000® and 1300 ®F, depending on steel com- 
position and structure or physical properties desired. 
Advantages over other methods are that small amounts 
of wire may be quickly annealed at closely controlled 
temperatures without scaling the surface on the wire. 
Such annealing is somewhat limited as to its application 
in wire processing. 

Pot Annealing — ^This method of annealing is identical 
in principle with that known as box annealing, the ma- 
terial being placed in a sealed container, or pot, and 
thus protected from the air and furnace gases during the 
entire process of annealing. The method is largely used 
for annealing steel process wire, but a considerable 
amount of copper wire is also pot annealed. 

Equipment for Pot Annealing — ^The older pot- 
annealing equipment consists of pit furnaces, annealing 
pots and power cranes. The pit furnace is constructed of 
fire-brick and is direct fired with coal burned on a grate 
at the bottom of the pit below the pots, and the flame is 
circulated up and around the pots. The pots are cylin- 
drical and are made of cast iron or cast steel. The wire 
coils are loaded within the pots, covers are sealed 
thereon, and the pots are lowered into place in the 
pit furnace, which is then closed with a fire-brick cover. 
As the coal -fired furnaces were not always adapted to 
provide uniformity of temperature throughout ^e pot, 
they have been largely superseded by the bell type of 
annealing furnace, either electrically heated or gas fired. 
In the bell type of furnace, the wire coils are placed one 
on top of the other on stems, forming a cylindrical 
stack or pile on a refractory-brick or cast alloy-iron 
base. A cylindrical cover or hood of thin sheet steel is 
placed over the stem of wire and a second cover or hood, 
somewhat larger in diameter, is then set in place. This 
outer cover may carry the heating equipment, either 
the electric resistance heating elements or radiant-tube 
gas-fired heaters; in some of the latter types, the gas- 
fired flame may circulate in the space between the 
inner and outer covers or hoods. Thermocouples are 
placed within the inner hood to indicate, record and 
control temperatures of the top and bottom of the stem 
of wire. To aid in attaining the desired temperature 
uniformity throughout the mass of wire, fans are placed 
in the base of the furnace to circulate the heated non- 
oxidizing or reducing gas atmosphere which is main- 
tained within the inner cover throughout the heating 
and cooling cycle. The covers containing the heat 
sources are interchangeable and are moved from one 
base to another as required. This allows one charge 
which has been annealed to cool slowly tmder cover 
of the inner hood, only, while the outer hood is placed 
over a new charge to begin its heating cycle. 

Advantages of Pot Annealing— The chief advantages 



706 


THE MAKING, SHAPING AND TREATING OF STEEL 


of pot annealing are the following: The furnace gases 
do not contact the wire being treated and, if desired, 
air may be excluded from the inner covers to such 
an extent that a bright clean surface may be obtained 
on the annealed wire. Also, as compared with muffle 
annealing, pot annealing makes possible a greater uni- 
formity of temperature throughout a load of wire coils 
and a more exact knowledge of the actual temperature 
attained by different parts of the load, providing 
thermocouples are used to best advantage. Another ad- 
vantage is that when the wire is cooled in the pot, the 
rate of cooling may be comparatively slow, resulting in 
a softer product; this is especially advantageous in the 
annealing of the high-carbon steels. Most of the heavy 
work of handling coils in pot-annealing departments 
may be done with cranes. Also in pot annealing, there 
is little snarling of wire. With proper appliances, bright 
annealing is possible, and in general the loss due to 
scaling is comparatively slight in any pot-annealing 
apparatus, because there is little opportunity for scale 
formation. The lighter coating of scale also means that 
less acid is needed for cleaning. Furthermore, various 
finishes may be produced on steel in pot annealing, the 
results obtained depending largely on how the wire is 
prepared and how the pot is sealed and cooled. If the 
air is allowed to come in contact with the wire when it 
is at high temperature, oxidation will occur, of course. 
But by controlling the air admitted to the pots, and by 
retarding the cooling, it is feasible to obtain wire that 
is black, blue, or bright, while liquor-finished wire 
may be annealed “white” by entirely excluding air. 

Continuous Lead Annealing consists merely in draw- 
ing the wire through a bath of molten lead heated to the 
proper temperature. The molten lead is contained in a 
shallow rectangular steel pan, some 10 to 15 inches 
deep, 3 to 4 feet wide, and 15 to 25 feet long, the exact 
dimensions depending upon conditions. (Sometimes two 
pans are used, the first known as the cold pan and the 
second as the hot pan, and the wire is drawn through 
each in succession.) The pan is heated from below 
usually by gases from an oil or gas fire and is supported 
by a brick setting adapted to the method of heating. 
In practice several strands of wire are drawn through 
the bath in parallel. For this purpose the coils of wire 
to be annealed are placed on free-running reels before 
the annealing furnace, and the wire from each coil is 
drawn through the bath by a take-up block placed at 
a convenient distance from the other end. For keeping 
the wires immersed in the molten lead, devices of 
various forms, known as sinkers, are used. To obtain 
bright annealing by this process, it is necessary to cool 
the wires without their being in contact with the air. 
Consequently, when such a finish is desired, the wires 
from the hot lead bath are conducted directly into 
long tubes which are kept as nearly sealed as possible. 

The Advantages of Lead Annealing are obvious. In 
addition to protecting the material from the air, the 
bath of molten metal is readily maintained at a uniform 
temperature throughout its mass, and its temperature 
can be accurately ascertained at any time by a pyrom- 
eter. Also, since the process is continuous, it eliminates 
much handling of the material. 

The Principal Use of Lead Annealing is in connection 
with galvanizing plants, where it is employed to anneal 
process wire. In these plants, layouts are provided that 
permit the wire to be annealed, cooled, cleaned, washed 
and dried, or dried and galvanized or tinned, all in 
one continuous operation* In continuous annealing and 
cleaning, when the wire is not to be galvanized or tinned, 
the wire, after passing through the lead bath, is con- 
ducted through cruidi^ coal or sand banked at the end 


of the lead pan; this bank of coal or sand is known as a 
header. The wire then passes successively through a wa- 
ter bath, a weak acid bath, a cold water bath, and a hoi 
water bath, thence to the take-up blocks, which are lo- 
cated several yards beyond the hot water bath to permit 
the wire to dry. This elimination of the customary proc- 
ess of dip-cleaning with cranes is very desirable in the 
case of process wire. 

PATENTING 

Patenting is a heat treatment applied to rods and wire 
having a carbon content of 0.25 per cent and higher, the 
term being peculiar to the wire industry. The object of 
patenting is to obtain a structure which combines high 
tensile strength with high ductility and thus impart to 
the wire the ability to withstand hard drafting to 
produce the desired finished sizes possessing a combina- 
tion of high tensile strength and good toughness. 

Methods of Patenting — Patenting is always conducted 
as a continuous process and consists in first heating the 
material to a point well above the upper critical tem- 
perature, then cooling through the critical temperature 
at a comparatively rapid rate to a predetermined tem- 
perature level at which the transformation will yield 
the desired microstructure and mechanical properties. 
In practice, there are three ways of carrying out the 
treatment. Thus, the wire may be heated by passing it 
through alloy-steel tubes arranged in an open muffle 
or in an open flame without tubes and be cooled by 
pulling it from the furnace into the open air, which 
method is now referred to as “O.P.” (old process or air) 
patenting. In a second method, the wire may be heated 
as in the first method, then cooled by passing it into a 
lead bath held at a relatively low temperature; this 
process is known as the metallic hardening process. The 
wire, in the third process, can be heated in a bath of very 
hot lead and cooled in another bath of lead at a lower 
temperature, as in the double lead process. In this last 
process the temperatures of both baths can be readily 
controlled and accurately measured. These features 
make it possible to obtain any desired structure even in 
wires of highest carbon content, a condition not easily 
attainable in “O.P.” patenting. The third method is also 
more advantageous in that less scale is formed than in 
the other two methods. In the wire industry, both the 
metallic-hardening process and the double -lead process 
are generally referred to as “lead patenting.” 

Properties of Patented Wires — ^The structure obtained 
by patenting is extremely tough and possesses the best 
characteristics for drawing to high tensile strengths. 
As indicated in Figure 40 — 31, the tensile strengths of 
air- or lead-patented rods or wire are considerably 
higher than the same steels in the annealed condition. 
The lead patenting process is definitely required in the 
production of any exceedingly high strength and tough 
wire such as music wire. As an illustration, by properly 
patenting and drawing 0.75-carbon steel, a wire is 
produced having a tensile strength of 375,000 lb. per 
sq. in. or over. In spite of the great amount of drafting 
required to raise the tensile strength to this point, such 
wire will be tough enough to wrap around itself (i.e., 
can be wound aroimd a pin of the same diameter as the 
wire) or can be hammered flat to one-half its original 
thickness without cracking. 

HARDENING AND TEMPERING 

In other branches of the steel industry, hardening 
and tempering are usually considered as separate opera- 
tions, but in wire-making they are more often conducted 
in a single continuous operation. As in the case of tools 
and other products of steel, the object in hardening and 
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tempering wire is to control the hardness, or “temper,” 
m order to adapt the material to the use for which it 
is intended. Hardening and tempering are applied to 
a great variety of wires, such as typewriter wire, um- 
brella wire, dress-stay wire, curtain spring wire, and 
wires for measuring tapes, clock and watch springs, 
automobile-engine valve springs, door-check springs, 
etc. Wires for such purposes are generally treated in 
wire form by a continuous process, but many kinds of 
springs, tools, and miscellaneous special products, are 
heat-treated after the wire has been formed into the 
article desired, when it is not always possible to use a 
continuous hardening and tempering process. 

Methods of Hardening and Tempering Wire — ^For 
greatest efficiency in hardening and tempering, it is 
necessary to adapt the method of treatment to the nature 
of the material and the size and form of the article. 
Therefore, because of the great variety of steels and of 
articles produced by the wire industry, various methods 
of treatment involving the use of various kinds of ap- 
paratus and of various heating and cooling media, are 
employed. Thus, for hardening, the material may be 
heated in muffle, tube or electric furnaces, or in molten 
lead, and be quenched in water, oil, molten lead, or 
some other liquid. For tempering, the material may 
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be reheated in open furnaces, in baths of molten lead or 
hot oil, or by bringing it in contact with hot sand or 
with hot plates or discs of iron or steel. In continuous 
hardening and tempering, ffie heating for hardening 
may be accomplished in a manner similar to that for 
patenting, and the quenching may be accomplished by 
passing it quickly into a lank of water or oil; in the 
tempering operation, the material may then be drawn 
through a suitable bath, such as molten lead, the wire 
being in continuous motion throughout the process. 

AUSTEMPEKING 

Austempering, described in Chapter 42 on “Heat 
Treatment,” is a method adapted to the heat treatment 
of wire, and particularly formed parts. It is employed 
to develop the highest combination of strength and 
toughness in certain kinds of wire, particularly for fab- 
rication into springs. In this process the transformation 
of austenite is effected at some preselected and constant 
subcritical temperature, which usually requires a longer 
time than does the regular continuous oil tempering 
operation; consequently this process is preferably used 
for batch or semi-continuous operation on high-carbon 
springs or small articles made of steel of %-inch 
maximum thickness or diameter. 


SECTION 9 

PROTECTIVE METALLIC COATINGS 


Kinds of Coalings — Probably more than one-third of 
all the steel wire drawn is given some kind of metallic 
coating, either for decorative or protective purposes. 
This phase of the industry has reached huge propor- 
tions and is of great importance. As already indicated, 
appreciably large quantities of the medium and larger 
sizes of wire are given a light coating or “liquor finish,” 
varying in color from that of copper through the various 
shades of brass to the color of tin, for decorative pur- 
poses only, and practically all soft fine wires have to 
be given this coating for lubricating purposes. This 
coating, which may consist of copper or tin or a com- 
bination of the two, is very thin and has but little value 
as a protection against corrosion. As is well known, all 
of the common grades of steel will rust sooner or later 
when exposed to atmospheric conditions imless their 
surface is covered with some substance that will protect 
it from moisture and air. To afford such protection, 
it is the practice to galvanize wire, i.e., coat it with 
zinc, or to tin it, or to coat it with aluminum, or, for 
certain purposes, to give it a coating of paint, lacquer 
or japan. While it is also possible to coat steel wire 
with copper, lead, nickel, and the precious metals, these 
metals arc seldom used for coating wire, except in a 
few particular cases, so they need not receive any 
further consideration here. The remainder of this section 
will, therefore, be devoted to galvanizing, tinning, and 
aluminum coating. 

WIRE GALVANIZING 

Advantages of Galvanizing— As a protective coating, 
zinc offers several advantages over other metals: (a) 
Zinc is electropositive to iron, which means that if the 
steel of a galvanized wire should be exposed to cor- 
rosive influences, owing to defective or damaged coating, 
the zinc will corrode first, and its presence will protect 
the iron from corrosion until after a considerable area 
has been exposed. Just the opposite reactions might 
occur with other metals, such as tin, which are elec- 
tronegative to iron. The presence of tin alone under the 


same conditions would hasten the corrosion of the 
iron, but, for specific purposes, tin is added in small 
amounts to zinc for galvanizing to improve adherence 
of the metallic coating, and the size and appearance of 
the spangle, without affecting corrosion resistance, (b) 
Zinc may be obtained in a comparatively pure state at 
a relatively low cost, (c) With zinc, it is easy to obtain 
a hard, smooth coating comparatively resistant to ab- 
rasion. (d) The color of the zinc coating is satisfactory 
for general purposes. 

Methods of Galvanizing — There arc two common 
methods in use for galvanizing wire, known as (1) the 
hot galvanizing process and (2) the electro-galvanizing 
process, but the second is the less widely used. In both 
processes, some 30 (more or less) parallel strands of 
wire pass first through certain preparatory processes, 
thence through the galvanizing bath to take-up frames 
on which each strand of wire is separately coiled, all 
these operations being made by attaching the tail end 
of each coil to the head end of the succeeding one. As 
the wires pass through the various baths required to 
clean and coat them, they are submerged by suitable 
forms of sinkers (either of the stationary or rotary 
type) or, in the case of electro-galvanizing, under con- 
tact fingers in the electrolytic or plating solution. 

Processes Preliminary to Hot Galvanizing — ^In nearly 
all cases, wire to be galvanized must be annealed to re- 
move the effects of cold working, and, in order to 
minimize handling of the wire, it is common practice 
to do this work in conjunction with the galvanizing 
operations by one of the continuous annealing processes. 
For this purpose a hot lead furnace will be built in 
front of die cleaning and galvanizing apparatus. Since 
the rate of cooling in process annealing has little effect 
upon the physical properties of the wire, the wires are 
cooled in air, or, if ffie space is limited, low-carbon 
wires will be cooled by conducting them from the an- 
nealing furnace into a vat of water. Following anneal- 
ing, the next step is cleaning, for which purpose the 
wire is conducted into a bath of hot muriatic (hydro- 
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Fig. 4(^— 32. Overall view 
of the apparatus em- 
ployed in the continuous 
hot-dip galvanizing of 
steel wire. 


chloric) acid at predetei’iiuiied concentration. This acid 
is used instead of sulphuric, which is the acid commonly 
employed for cleaning in the galvanizing of sheets and 
tubes, because it acts much more quickly than sulphuric, 
and is much more effective in removing traces of lime 
remaining from the drawing operations. The iron 
chloride formed by the action of' the acid, as well as 
any particles of loosely adhering scale, must next be 
removed and these objectives are accomplished by 
passing the wire through a bath of hot water. 

While the wire is now perfectly clean, it must also be 
perfectly dry before it is brought into contact with the 
molten zinc, but in drying, any exposure to the air, 
which in practice it is impossible to avoid, results in 
the formation of a light coat of oxide, or rust. This 
difficulty is overcome by the use of a flux. In galvanizing 
sheets, tubes, and various wire products, this flux con- 
sists of fused ammonium chloride, commonly known as 
sal ammoniac, which lies upon the surface of the zinc 
bath, but for the continuous galvanizing of wire, better 
results are obtained by passing the cleaned and 
thoroughly washed wires directly through a hot solution 
of zinc chloride or zinc ammonium chloride flux at pre- 
determined concentration or Baum4; and then through 
or over a dryer into the molten zinc. The wire thus be- 
comes coated with a thin film of zinc chloride, which 
tends to protect it from oxidation during drying and 
also removes any traces of rust that may be formed. 

Apparatus for Hot Galvanizing — From the dryer, the 
wires are drawn at once into the molten zinc, or spelter, 
as it is commonly called. This molten metal is contained 
in a spelter pan, which is usually made of boiler plate 
and is supported by a brick setting of suitable con- 
struction for firing with the most satisfactory fuel 
available. Figure 40—32 shows the general form of the 
pan and the furnace commonly used. The dimensions 
of these pans are subject to much variation, and depend 
upon several conditions. Thus, the width will vary ac- 
cording to the number of strands it is desired to gal- 
vanize at once, which is usually about 30. The length 


is dependent upon the size of the wires,, the speed of 
travel, and the thickness of the coating desired. Pans 
designed for galvanizing coarse sizes of wire may reach 
a length of thirty feet. The depth of the pan must be 
sufficient to prevent the wires from coming into con- 
tact with the dross which settles and collects upon the 
bottom. This dross is an alloy of iron and zinc containing 
from 3 to 7 per cent iron, which is solid at the tempera- 
ture of molten spelter, forms a pastelike mixture, and 
is very harmful to the coating. As molten zinc oxidizes 
rapidly, the pan is provided with some form of covering 
medium which rests upon the molten spelter and pro- 
tects it fiom the air, except at the ends where the 
wires enter and leave the bath. Here, the surface of the 
metal must be kept free from oxide by frequent skim- 
ming. The mixture of zinc and zinc oxide thus obtained 
is known as zinc skimmings; these skinimings, together 
with the dross, represent a considerable loss, for the 
proportion of these waste products to the total zinc 
used is relatively large, and, although both are refined, 
the cost of recovering the zinc they contain is relatively 
high. 

Wiping the Wire — ^As the wires emerge from the 
galvanizing pan, some of the zinc they carry remains 
in the molten state for a brief ' period, and, unless pre- 
vented from doing so, tends to flow downward on the 
surface of each wire, making the coating rough and un- 
even. Such a coating makes the wire hard to handle, 
and renders it unsuitable for many purposes, especially 
when it is to be fabricated by machinery. Further, such 
a coating represents an actual waste of zinc, for the 
durability of an unevenly applied coating is deter- 
mined by the thinnest part of the coating, not by the 
thickest parts. It is plain, therefore, that the removal of 
this excess zinc is a matter not only of economy, but of 
expediency as well. It is also evident that in order to 
form a smooth, evenly distributed coating, the surplus 
zinc must be removed while it is still in a fluid state. 
This is accomplished by passing the wire, just after it 
emerges from the zinc bath, through .either one of two 
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devices known as wipes and headers. In the case of 
wipes, the parts in contact with the wire are made of 
asbestos, and the type most commonly used is known 
as the split wipe. It consists essentially of two balls, or 
molds, of asbestos fibers held together by some suitable 
binding material, or stranded asbestos rope of suitable 
diameter formed into wiping pads. In service, these two 
balls are pressed lightly against and about the wire, 
and are held securely in place by cup-shaped holders. 
The aim in the split wipe is to make it possible for the 
operators to separate the two halves in order to permit 
the splices joining two coils of wire to pass, as otherwise 
the wipe is torn out entirely or badly damaged. Headers 
are employed for wiping only when extra heavy coat- 
ings are desired. A header consists of crushed charcoal 
of definite mesh, blended with a certain wax, beef tallow 
or certain oils and arranged so that the wires shall 
pass upward through it. In any of these cases the wipe 
thus artificially provided acts as such only for a short 
time, for a hollow cone of solidified spelter soon forms 
about the wire, either within or in front of the wipe, 
and this cone of zinc then becomes the real wipe. 

Cooling the Coated Wire — After passing the wipes, 
the coating of the wire is completed, but the manner in 
which it is cooled should also be given some considera- 
tion. If the wire is allowed to cool naturally in the air, 
the coating, because of the formation of a thin film of 
zinc oxide on the surface, will be dull and lusterless in 
appearance, known as air-cooled galvanized wire, but 
if the coating is cooled suddenly, as by immersing the 
wire in cold water as soon as possible after leaving the 
wipes, it will have a bright lustrous surface. However, 
since the real value of the coating as a protection 
against corrosion depends upon the thickness of the 
coat and the completeness with which it excludes mois- 
ture from the iron, it is clear that the luster, which is 
a characteristic of suddenly cooled coatings, is no in- 
dication of the quality of the coating, and since this 
luster can be preserved only for a short time in any 
natural atmosphere, its attractive appearance is of little 
value. 

Coiling the Wire — ^The wire, which is delivered to the 
galvanizing department in coils, is drawn through the 
annealing, cleaning and galvanizing apparatus by blocks, 
which form it into coiled bundles again (Figure 40 — 32) . 
The blocks commonly used for this purpose arc of the 
so-called continuous type, and are similar to a wire- 
drawing block except that their spindles are mounted 
in a horizontal position. With these blocks, bundles of 
wire may be removed at any time without stopping the 
blocks, so that the speed of travel of the wire through 
the annealing and galvanizing baths may be uniformly 
maintained. 

Some Features of the Operations for Hot Galvanizing 
—To the novice the galvanizing gf wire may appear to 
be a simple process. The wires being drawn through the 
various pieces of equipment and recoiled 6n the blocks 
apparently require little attention from the operator. 
As a matter of fact, however, the process demands 
considerable experience and skill in order to obtain 
uniformly good results. For example, the firing of such 
long shallow pans requires not only a properly designed 
furnace, but constant care and observation on the part of 
the operator to keep the temperature of the spelter imi- 
form and constant and to avoid injury to the pan. 
Similar statements apply also to the annealing and 
cleaning equipment. Some of the factors that deter- 
mine the quality of the zinc coat are as follows: 

The Quality of the Zinc Coat, by which is meant its 
effectiveness in protecting the wire from corrosion and 
its adaptability to the intended use of the wire, de- 
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pends upon the completeness with which the zinc covers 
the iron, the thickness, uniformity, physical properties, 
structure, and chemical composition of the coat. The 
completeness with which the iron is covered by the zinc 
depends upon the thoroughness of cleaning and flu 3 dng 
and also upon the aftertreatment of the wire. Attention 
has already been called to the effects of the manner of 
cooling the wire as it is leaving the spelter bath. It 
should also be noted that the coating may be injured in 
fabricating the wire. If the cooled wire is bent at sharp 
angles or otherwise severely deformed, the coating is 
likely to be cracked or peeled off, especially if the 
coating is a heavy one. As to the thickness of the coat 
and the uniformity with which the spelter is distributed 
over any given wire and adherence of the zinc coating, 
these features depend upon the typo of steel used, 
thoroughness of cleaning, the metliods of wiping, the 
temperature of the molten spelter, and the time of im- 
mersion of the wire in the spelter bath. Up to certain 
limits, the thickness of the spelter coat increases as the 
temperature of the bath increases and as the time of im- 
mersion is prolonged. The time of immersion is con- 
trolled by the length of the spelter pan and the speed 
of travel of the wire through the bath. In this con- 
nection it should be pointed out that the thickest coat 
is not always the best, for, as the thickness of the coat 
increases, its brittleness and its tendency to peel or 
crack also increase. Some of the brittleness is to be 
attributed to the fact that zinc itself is a comparatively 
brittle metal. This brittleness might be lessened some- 
what by alloying with other metals, but as these might 
decrease the resistance of the zinc to corrosion or other- 
wise affect it adversely, it is the practice to keep the 
spelter as pure as possible. The composition of the 
speller is checked repeatedly by chemical analysis, and 
close limits are fixed for all the impurities it may con- 
tain. Another reason why the brittleness increases with 
the thickness of the coat is the fact that the conditions 
necessary to produce a heavy coat are also likely to 
affect the structure of the coat itself, for the coat ob- 
tained by hot galvanizing is not wholly composed of 
pure •zinc. 

The Structure of the Zinc Coat — The structure of the 
zinc coating as obtained on hot-dipped galvanized wire 
is shown in the photomicrograph of Figure 40—33. It 
will be seen that the spelter coating is made up of 
three different layers. The lower portion of the photo- 
micrograph represents a section of the steel base, and 
the zinc layer represents the outer layer of spelter, 
which may be considered pure zinc. The alloy layer 
is made up of two different alloys of iron and zinc, the 
one next the steel base containing slightly more iron 
in solution than the other. Formerly it was thought that 
when iron is brought in contact with molten spelter, 
two compounds, having the formulas FeZm and FeZn? 
are always formed. More recent studies indicate that 
the constitution of these coating layers is not precisely 
represented by these formulas. Assuming for the present 
that the formulas are substantially correct, however, the 
alloy next to the steel base consists of the compound 
FeZns, while the remainder of the alloy layer is com- 
posed of the compound FcZht, The dark lines separating 
different areas in the photomicrographs are not cracks, 
but the result of grain boundary effect in etching, 
similar to that observed in developing the structure of 
pure metals. 

Elcctrogalvanizing— Electrogalvanizing is the name 
applied to the process of covering any metal with a 
coating of zinc by means of an electric current. It is 
sometimes termed “cold” or “wet” galvanizing to dis- 
tinguish it from the more common method of hot 
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Fig. 40 — 33. Structure of 
the zinc coating on a 
steel wire galvanized by 
immersion in molten 
zinc. Magnification: 
250X. 
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galvanizing. For galvanizing flat wire and also strip steel, 
this cold process has certain advantages over hot galva- 
nizing. For example, in hot galvanizing such materials, 
the edges, especially of strip steel, tend to destroy wipes, 
and special care is required to secure a smooth uniform 
coating, whereas the thickness of the zinc coating may 
be readily controlled in electrogalvanizing. The thick- 
ness of an electrodeposited coating depends primarily 
on two factors, namely, current density and time. By 
current density is meant the number of amperes flowing 
per imit of surface of the metal exposed in the elec- 
trolyte. The coating, when well applied, adheres firmly 
to the metal and will stand severe bending without 
flaking off. But many features of the process require 
special attention, because the quality of the coat de- 
pends upon the condition of the electrolyte, the cleanli- 
ness of the surface, and on general working conditions. 

The Equipment for Electrogalvanizing consists of a 
long shallow horizontal vat, known as the plating vat, 
which is usually made of steel lined with rubber or a 
synthetic mixture. Attached to one outer side of this 
vat are the positive bus bars, or feeders, connected to 
the plating generator, while on the other side are 
similar negative feeders. As considerable time is re- 
quired for suitable electroplating, the vats are usually 
from 100 to 200 feet long in order that the speed of the 
wires or strips through the vats can be maintained at 
a reasonable rate for production and still remain 
submerged in the electrolyte long enough to receive the 
desired coating. Since the working voltage is low and the 
amperage high, the conductors consist of heavy copper 
bars. In addition, there are needed a low-voltage direct- 
current supply source, and means for making and storing 
fresh electrolyte. 

Operation of the Process — The vat is nearly filled with 
the plating liquid, called the electrolyte, consisting of a 
solution of some zinc salt, such as zinc sulphate. This 
solution must be continually agitated to maintain a uni- 
form density, and it must also be kept clean and at a fairly 
constant and suitable temperature. For anodes, slabs of 
zinc are submerged at selected locations in the electro- 
lyte and are electrically attached to the positive bus bars. 
Alternating with the anodes are strong copper contact 
bars which are placed across the vat, immersed a few 
inches below the surlace ol the electrolsrte, and con- 


nected with the negative bus bars outside the vat. These 
contact bars support the wires being plated, which 
collectively form the cathode. The wires to be electrogal- 
vanized are generally annealed, thoroughly cleaned in 
acid, then rinsed before they pass through the plating 
vat. From the vat the wires pass through or over some 
simple form of wipe and onto take-up blocks placed 
far enough away from the wipe to permit the wires to 
dry in air. 

Factors in Controlling the Thickness of the Coat — 
Theoretically, about 2.5 pounds of zinc can be deposited 
per hour per 1000 amperes of current. In practice, the 
amount of zinc deposited will be somewhat less, as no 
electrochemical operation can bo carried on at 100 per 
cent efficiency. The practical maximum current density 
varies and must be determined experimentally for each 
set of working conditions. Having determined this and 
also the efficiency to be expected, it will be possible to 
calculate the required total current needed to deposit 
a required amount of zinc in a given time. The current 
flowing from the zinc anodes through the electrolyte into 
the cathode wires causes the zinc to dissolve into the 
solution at the same rate that the zinc is deposited on the 
wires, so that the solution, if it is continually and cor- 
rectly agitated, will remain at a uniform density, and 
only pure zinc will be deposited, although the slabs used 
usually contain some impurities. As the zinc ions travel- 
ing through the electrolyte actually carry the current, 
the amount deposited will be directly proportional to the 
current strength and to the time of current flow. Since 
the former factor is fixed, the latter must be increased 
as the required weight of coating becomes greater. 

Tests for Galvanized Coatings — The whole galvanizing 
process is placed in the hands of experienced operators, 
who keep constant watch over each phase of the process 
and at frequent intervals make certain tests to determine 
the fitness of the material for the purpose for which it 
is to be used. With respect to the galvanized coatings, 
these tests are both physical and chemical. The more 
common of the physical tests are known as the button 
test and the mandrel test, each being applied to different 
classes of wire to meet different requirements. In the 
button test, the wire is wound ti^tly about its own 
diameter, while in the mandrel test the wire is similarly 
wound about a smooth mandrel having a diameter 'diat 
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is some multiple of its own diameter. The object in both 
these tests is to determine if the coating will crack or 
flake under these conditions and, if so, to what extent. 
For determining the thickness of the coat and whether or 
not the zinc has been uniformly distributed, two chem- 
ical tests are employed. One of these, called the antimony 
hydrochloride test, is a laboratory test used chiefly for 
determining the exact quantity of zinc per unit of sur- 
face galvanized. The other, known as the Prcece or 
copper sulphate test, though only qualitative, is the 
f>cst known and most generally used chemical test for 
galvanized coatings. This test, when made under prop- 
erly standardized conditions, will determine whether 
or not the coating is uniform in thickness and whether 
the thinnest portion will dissolve in a certain solution of 
copper sulphate in one, two, three, four or more minutes. 
The terms “one minute wire,” “two minute wire,” etc., 
are based on this test, and mean that the coating will 
successfully withstand immersion in a standard neutral 
copper sulphate solution for one, two, or more minutes. 

Methods of Carrying Out the Copper Sulphate Test— * 
The stfindard solution u.sed in the test is prepared by 
dissolving approximately 36 parts of crystallized com- 
mercial copper sulphate in 100 parts of distilled water, 
adding an excess of pure cupric oxide (CuO), and 
filtering. The concentration of the solution is then ad- 
jiLsted, by adding water or a stronger solution, so that 
its specific gravity is exactly 1.186 at 65 ° F. The .samples 
to be tested are thoroughly cleaned before making the 
test by dipping in benzene or gasoline, or rinsing in 
water, and wiping with clean white cotton waste or cloth. 
A clean test jar, 5 inches high and 2 inches in diameter, 
IS then filled to within one inch of the top with the 
standard solution at a temperature between 62 ° F and 
G8 ” F, which temperature must be maintained through- 
out the test. The sample is now immersed in the solu- 
tion by lowering it endwise into the jar, where it is 
allowed to remain for exactly one minute; it is then 
ri moved, rin.sed immediately in water of the same tem- 
perature, and wiped until dry with the clean cotton 
waste or cloth, so as to remove the dark deposit of copper 
which forms on the surface. These operations are then 
l epeated, the wire being irnmensed for exactly one min- 
ute at each trial, until traces of bright metallic copper 
begin to appear on the surface of the steel, indicating 
removal of the zinc, or until the number of onc-minute 
immersions exceeds the number required by the speci- 
fications. In case more than one wire is tested at the 
same time, the samples, numbering not more than seven, 
are immersed simultaneously in the same jar, and these 
must be kept well separated. The lower inch of each 
sample, being adjacent to the cut exposing the iron, 
is disregarded in the test. A fresh portion of the standard 
solution must be used after each complete test of seven 
wires or less. 

Principles of the Test — The principles upon which the 
copper sulphate test depend may be explained as follows: 
The copper sulphate dissolves both zinc and iron, these 
two elements displacing the copper in the solution of 
copper sulphate according to the following rcaction.s: 

Zn -h CuSO* = ZnS 04 -f Cu. 

Fe -f CuSOa = FeSO* + Cu. 

From these reactions it will be seen that copper is 
precipitated, or thrown out of solution, in each case. 
Since the reaction can take place only where the wire 
is in contact with the solution, this liberated copper is 
deposited upon the surface of the wire, and the test 
depends wholly upon the difference in the manner in 
which this deposit is made upon zinc and upon iron. 
In the case of zinc, the deposited copper is in a finely 


divided form, and appears as a black flocculent coating 
completely covering the wire. As this coating increases 
in thickness, it tends to shield the wire from the solution, 
thus retarding the reaction, hence the necessity for 
removing the wire from the test jar and cleaning its 
surface at regular intervals of one minute. In the case 
of iron, however, the copper, if all the conditions of the 
test are properly observed, is deposited upon the surface 
in the form of a bright metallic coating which cannot 
be wiped off and is similar in appearance to that obtained 
in electroplating. Thus, as soon a.s the zinc has been re- 
moved from any part of the surface of the wire, this 
bright coating appears on that spot. 

Value of the Copper Sulphate Test— The chief merit 
of the copper sulphate test is that it reveals any uneven- 
ness in the thickness of the coat. Although the test is not 
directly quantitative, it provides a relative measure of 
the amount of zinc at the thinnest point of the coating, 
provided the surface condition, composition and structure 
of the coatings being compared are the same. This infor- 
mation is important, for the corrosion resistance of the 
coat depends not only upon the weight of the zinc on a 
given surface but also upon the evenness with which it is 
distributed. In service, corrosion of tlie steel begins 
where the zinc coating first disappears, so that for a given 
total weight of zinc applied, the best protection to the 
steel is offered by the most uniform distribution of 
zinc. The test can be quickly made with simple appara- 
tus, and the effect is very apparent, but each phase of 
the test must be carefully performed under standard 
conditions to obtain fair comparative results. The latter 
fact is not generally recognized, the impression being 
that almost anyone can make the test without instruction 
as to the points to be observed. In this connection it 
should be noted that the copper will plate out upon an 
alloy of zinc and iron as well as upon pure iron or steel, 
but the coat of copper on the former does not adhere 
firmly to the surface and may be brushed off with a fine 
steel brush. 

WIRE TINNING 

Because of the high cost of tin, and of the difficulty of 
entirely avoiding pin holes in tinning steel wire, only a 
small amount of steel wire is tinned, and that largely 
for decorative purposes. As already explained, tin is 
cathodic to iron. Consequently, in the case of steel wire 
coated with tin and exposed to the atmosphere, the 
destruction of the steel base will be accelerated by the 
presence of tin when corrosion begins. The tinning proc- 
ess is very similar in principle to the hot galvanizing 
process and need not be described at length. The wire 
has to be thoroughly cleaned and fluxed before entering 
the bath of tin, and as it emerges from this bath it passes 
through a wipe of wicking wound about the wire, after 
which it goes to tlie take-up blocks, either with or 
without an intermediate water cooling. The tin must be 
maintained at a fairly constant temperature (500® to 
550 ® F) , for if the bath temperature is too low, the coat- 
ing will be rough and uneven, and if too high, it will be 
discolored by the yellowish tin oxide formed on the 
surface. 

ALUMINUM COATINGS 

In recent years aluminum coatings have been applied 
to steel products for resistance to corrosion in marine, 
industrial and the usual environments. The aluminum is 
applied to steel wires by the hot-dip process, where the 
cold-drawn wires are cleaned prior to immersion into 
a molten aluminum bath. Aluminum forms alloys with 
steel in a manner similar to zinc, and the process must 
be carefully controlled; otherwise, a brittle alloy layer 
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will form which will caiise cracking and spalling during strength. Also, by drawing after coating, very bright 
subsequent forming operations. finishes can be produced which make the wire suitable 

The aluminum bath is operated at a temperature of for many decorative applications, 
approximately 1225 to 1250 ® F. This temperature is suf- Wire which can be coated with aluminum for corrosion 

ficient to soften carbon steels with a corresponding loss protection includes: field fence, barbed wire, broom wire, 
in tensile strength. Aluminum-coated wire can be cold netting wire, paper-clip wire, spiral-binding wire, tie 
drawn after coating to improve or raise the tensile wire and welding wire. 

SECTION 10 

TYPICAL FINISHED WIRES FOR MANUFACTURING PURPOSES 


The object of this section is to list according to their 
common trade names tlie different kinds and grades of 
wire used for manufacturing purposes and indicate the 
uses of each. 

COMMON WIRES 

Bright Bessemer Wire — Wire of this grade is hard or 
stiff wire, ordinarily drawn from a rod to finished size 
without an intermediate annealing. It is not well suited 
for purposes involving special finishes or specific me- 
chanical properties. 

Bright Basic Wire or Bright Hard Basic Wire — Wire 
of this classification receives the same treatment as 
Bright Bessemer, is slightly softer wire than Bright Bes- 
semer Wire, has a finish obtained by regular dry drawing 
and is used in applications not requiring specific physical 
properties. 

Bright Soft Basic Wire is a soft grade of bright wire 
for manufacturing purposes, and is adapted to difficult 
forming, severe twisting, swaging, crimping, etc. Wire of 
this classification is also suitable for severe upsetting. 

Medium Classifications — Medium hard and medium 
soft Bessemer and basic wires are finer gradations be- 
tween the “bright” and “bright soft” grades. They are 
common only to the finer sizes, 8% gage (0.152-inch) 
and finer, and their use depends upon the severity of the 
bending and forming operations which are to be per- 
formed. 

Annealed Wires — Annealed wire is the softest grade 
that can be produced. Because of differences in chemical 
composition (assuming the carbon content is the same) , 
annealed basic wire is softer than annealed Bessemer 
wire of the same size. In producing annealed wire, the 
coarser sizes must be given a special draft before anneal- 
ing, otherwise brittle wire known as “crystallized wire” 
will be obtained after the annealing. The finer sizes are 
drawn the same as the bright (hard) grade and then 
annealed. “Annealed,” or “annealed, cleaned and limed 
basic” Cold-Heading Quality wire is used largely for 
extremely severe upsetting, such as special bolts, certain 
kinds of rivets and for any purpose in which the wire is 
severely deformed by pressing or heading operations. 
If maximum softness is essential, the use of annealed 
basic wire is indicated. 

Cold-Heading Wire — Wire for cold heading or cold 
forging has become one of the large production items in 
the wire industry. Wire of this grade is used for bolts, 
rivets, screws, and similar applications requiring, in 
many instances, severe plastic deformation. For com- 
mon fabrication, low-carbon steel may be used, but 
with the advent of highly stressed parts as in auto- 
mobile and aviation applications, higher carbon, low- 
alloy and stainless steels are now required. As upsetting 
the head on the bolt or screw will readily accentuate 
surface defects of the wire such as seams or slivers, 
bolt wire must necessarily be a high quality product 
with great uniformity of structure and composition. 
Production of higher carbon and alloy wire for heat- 
treated bolts requires close control at all stages: melting 


the steel, rolling the rod, heat treating and drawing the 
wire. In addition to the above prerequisites, the surface 
coating of the wire, which is controlled primarily by the 
wire-drawing lubricant, is important as a factor in the 
cold -heading operation. Tlie type of upsetting die and 
whether or not the bolt shank is extruded in the opera- 
tion determine the type of wire coating required; the 
coating, in turn, has a significant bearing on the life of 
the heading die and the quality of the finished bolt. 
The finished hardness and chemical composition of bolt 
wire both are definitely controlled according to the se- 
verity of the deformation required in forming the bolt. 
As the hardness increases with increasing carbon and/or 
alloy content of the steel, the final hardness will be regu- 
lated by normalizing, process annealing, or spheroidizing 
the steel. Machinability requirements and the ability of 
the wire to respond to heat treatment may also be factors 
influencing selection of the manufacturing processes to 
produce wire having the proper microstructure and 
hardness, particularly in steels over 0.35 carbon. The 
finished product is rigidly inspected, and includes ade- 
quate mcchani(!al, chemical and metallographic testing 

Liquor-Finished Fine and Weaving Wire — Some of 
this grade of wire, which may be used for weaving 
household window-screen cloth, is made in very fine 
sizes, 0.0118 inches and 0.0104 inches being the common 
sizes. Wire for this purpose is usually made from low- 
carbon basic steel and to reduce the wire from a % 2 -h'‘f’h 
rod (0.218-inch) to such fine sizes may require two 
annealings in process and 22 to 24 drafts, depending on 
composition and requirements. 

Welding Wire -Various steels, both carbon and alloy, 
arc used to produce welding wire for the manufacture 
of electrodes and rods for electric and gas welding, and 
these range from 0.05 carbon to about 1.0 per cent carbon. 
While considerable gas welding is still employed, by far 
the greater proportion of welding operations are per- 
formed by the electric-arc process. Wire for gas welding 
is copper coated and used in straight lengths, composition 
being governed by properties required in the weld 
metal. 

Elcctric-arc welding is divided into two classifications: 
manual welding and automatic welding. 

Wire for manual welding is furnished in straightened 
and cut lengths with surface as free from wire -drawing 
lubricant as possible to enable electrode manufacturers 
to apply a flux coating by an extrusion method. Welding 
steels are made especially for this application, and selec- 
tion of heats or portions of heats is mandatory to conform 
to required composition limits and ranges. Low sulphur, 
not exceeding 0.035 per cent, is generally preferred. Most 
of the grades of steel made for welding electrodes are of 
the rimming type, with carbon in the neighborhood of 
0.10 to 0.15 per cent. However, there is also some demand 
for rimming-type steel with 0.31 per cent carbon as the 
maximum of the range. Killed steels of 0.55 to 0.65 per 
cent carbon and 0.90 to 1.10 per cent carbon are also used 
to some extent, along with some alloy grades for special 
purposes such as resistance to abrasion. Composition of 
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Tabic 40— rv. Common Uses of Various Commercial 
Grades of Wire 

Grade Name Some of the Common Uses 

Bright 

Bessemer wire. .Nails, flat-head wood screws, tie 
wires, stove rods, brace rods, low- 
grade furniture springs, etc. 

Bright soft 

Bessemer wire. .Pail bails, double-pointed tacks, 
jack chains, trace chains, wcldless 
chain, heavy window screens, shelf 
brackets, staples, market wires, etc. 

Bright basic wire . Round-head wood screws, bolts and 
rivets, large head nails, caster pins, 
stove bolts, link fabric, cork-screws, 
electric- welded chain, chaplets, etc. 

Bright .soft 

basic steel .Weldless chain, buckle tongues, 

buckles, electric welding, fine rivets, 
special screws, link fabric, etc. 

Coppered or 
liquor-finish 

Bessemer wire. .Common grade furniture .springs, 
tire wires, button hooks, chairs, 
chair rods, curtain rods, carpet 
beaters, etc. 

("oppered or 
liquor-finish 

ba.sicwire. .Pail bails, link fabric, reeds, tran- 

som rods, cork-screws, damper rods 
for pianos, piano pedal rods, etc. 

Coppered or 
liquor-finish 
soft Bessemer 

wire Pail bails, bird cages, buckles, but- 

ton eyes, spring scat supports, jack 
chains, piano actions, chairs, coat 
and hat hooks, garment hangers, 
hog rings, rapid tag fasteners, rat 
traps, and similar purposes. 

Tinned 

Bessemer wire . . . Link fabric, lantern handles, etc. 

Tinned soft 

Bessemer wire. . .Pail baiLs, lanterns, bird cages, 
buckles, card racks, egg beaters, etc. 

Tinned basic wire , . Link fabric, bird cages, buckles, 


lanterns, skewers, cork-screws, etc. 

Tinned soft 

basic wire Link fabric, buckles, and similar 

articles. 

Annealed wires Bundling, bail ties, rims for wash 

boilers, check rowers, etc. 

Annealed and 
cleaned basic 

wire Balls for bearings, bolts and rivets, 

toe calks, electric welding, drawer 
pulls (pressed), and other purposes 
requiring soft ductile wire. 

Annealed and 


cleaned Bessemer 

wire Pump chain, etc. 

Galvanized wire Fences, pail bails, rose stakes, 

clothes lines, bottle stoppers, eave 
trough hangers, staples, clothes pins, 
and other uses requiring corrosion 
resistance at minimum cost. 
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the steel is governed by composition of the flux coating, 
the combination being designed to provide certain weld- 
ing characteristics and specific properties in the deposit 
metal. 

The wire thus serves as the core of the coated electrode 
and IS exijocted to provide good welding characteristics 
and a dense, sound deposit. Wire sizes in popular demand 
are ^s-inch, O'au-inch, ‘J-bj-inch, and ^li-inch. Tolerances 
for diameter, length, camber, ami burrs in the straight- 
ened and cut wire are listed in the AISI Products 
Manual for Wire. 

The flux coating on the electrode provides a blanket 
which surrounds the arc during w(‘lding and serves as 
a protection against oxidation from the atmosphere. 
In automatic electric-arc welding, there are two main 
processes: submerged-arc and inert-gas. In the former, 
the welding is .shielded by a blanket of fusible material, 
usually referred to as flux which is fed on to the work. 
In the latter, .shielding is obtained from inert gas such 
as argon or helium. Both automatic and .semi-automatic 
equipment is used for each process. 

Wire compositions vary for submerged -arc welding 
according to requirements in the deposit metal. The 
wire is produced with a bright copper finish to im- 
prove the contact surfaces and so facilitate the intro- 
duction of the relatively high currents used. It i.s 
important that the surface of the wire be as free as 
possible from wire-drawing lubi'icant which would 
tend to clog the nozzle through which the wire is fed. 
Wire for submerged-arc welding is furnished in layer- 
wound coils with cardboard cores. Dimensions of these 
coils are designed for insertion into a reel from which 
the wire is fed through the welding machine. Wire 
sizes in demand range from about % 2 -inch up to about 
0 ir,-inch. 

The inert-gas welding process calls for smaller wires 
ranging from 0.045-inch to around 0.125-inch. Wire 
for this application is furnished with a bright, clean 
copper coating for the same reason as mentioned above 
and is wound on spools of the dimensions necessary 
for insertion in the welding equipment. The required 
wire compositions vary according to requirements of 
consumers. 

Scratch Brush Wire — ^This grade of brush wire is 
produced in sizes from 0.0045-inch to 0.0025-inch. Bes- 
semer stock is used for the production of the wire, 
and annealings at three different process sizes are re- 
quired in reducing it to the finish size. The.,,yire is 
drawn dry to the second annealing, at which point it 
is bright annealed and drawn wet to the final annealing 
.size; then it is bright annealed and drawn wet to the 
finish size. As in drawing liquor-finished weaving wire, 
all drawing from the rod to finish size is performed on 
continuous machines. This wire is used for jewelers’ 
brushes and other fine wire brushes. 

Market Wire — Market wire is a term applied to exact- 
weight bundles supplied to the jobbing trade. The 
quality, if not otherwise specified, is a soft basic or 
Bessemer grade. The standard weight of bundle is 100 
pound.s, hut it is also put up in 63-pound bundles, when 
.so specified. 

Uses of Common Wire — The wires described in the 
preceding section are applied for many purposes, some 
of the more common are listed in Table 40 — ^TV. 

HIGH-CARBON OR SPECIAL WIRES 

To select the proper grade of wire for any given pur- 
pose, it is necessary to know the mechanical properties 
required to meet the demands of that particular service. 
As a result of work correlating a large number of ex- 
periments in the wire mills with data collected from 
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actual experience, it is now possible to supply wire 
meeting various combinations of mechanical properties, 
including tensile strength, torsional strength, toughness, 
etc. These studies have led to the discovery of the 
principles governing the behavior of high-carbon stocks, 
and these principles determine the processes to which 
the wire must be subjected to obtain the desired results. 
Other elements of uncertainty have been removed by 
careful standardization, so far as possible, of the manu- 
facturing practices for producing the various classi- 
fications and grades of high-carbon steel wires. 

Rope Wire — ^The stock used for manufacturing high- 
carbon rope wire varies in carbon content from 0.20 to 
0.90 per cent. The coarser the finish size and the higher 
tlie tensile strength required, the higher must be the 
carbon content of the stock from which the wire is 
produced. At least one and as many as three patentings 
are necessary to produce the various grades and sizes 
of rope wires. The finer the size and the liigher the 
tensile strength of the finished wire, the greater the 
number of patentings in the process of manufacture 
in order to reduce the wire and obtain the proper 
mechanical properties at the finished size. The finer 
the size and the higher the carbon content of the wire, 
the lighter must be the reduction in cross-sectional 
area per draft. Practically every size and grade of rope 
wire must be produced from a different final patenting 
size in order to obtain the proper mechanical prop- 
erties in the finished size. 

Music Wire — Music wire is the term applied to wire 
having the phy.sical requisites necessary for use in 
musical string instruments. Although commonly known 
as music wires, these wires are generally referred to as 
piano wire, harp wire and mandolin wire, depending 
upon the purpose for which it is used. In conjunction 
with the manufacture of music wire, there is a grade of 
wire manufactured known as music spring wire. This 
wire is not quite as high in quality as piano wire and is 
used for high-grade, cold- wound, high-tensile-strength 
springs. 

Piano Wire — Piano wire has rightly been called the 
“specialty of specialties.” It represents the highest at- 
tainment in the art of wire manufacture. The wire pos- 
sesses the highest tensile strength of any form in which 
carbon steel is used for purely stress -resisting purposes. 
It is made from the finest quality of steel, having a 
carbon content of from 0.80 to 0.95 per cent. Different 
grades and sizes require varying drafting and heat- 
treating practices to develop the proper tensile strength 
and toughness. 

In addition to the mechanical properties required, 
piano wire must possess acoustic properties. Attainment 
of this requirement is dependent upon the accuracy of 
the size, the soundness of the steel and the finish of the 
wire. Furthermore, the tension required for different 
pitches and lengths means that high elastic limit with 
uniform tensile strength is imperative for a given wire. 
The toughness must be developed to a maximum for 
the tensile strength to permit forming the wire into 
loops or eyes by the bass-string manufacturers. The bass 
strings must also be flattened locally on the ends 
to form an anchor for the covering wire. Tensile 
strengths for the highest grades of piano wire are given 
below, from which data it should be noted that the 
higher strengths are obtained in the finer sizes. 

Diameter in Tensile Strength 

Kind of Wire Inches (Lb. Per Sq. In.) 

Bass Strings 0.035 to 0.067 290,000 to 351,000 

Treble Strings 0.029 to 0.049 319,000 to 390,000 


Tinned and Liquor-Finish P.S.R. Tire Wire-Tinned 
P.S.R. (Plow-Steel Rope) Tire Wire is used in the 
manufacture of automobile tires, the initials P.S.R. in- 
dicating the grade of steel used. This product receives 
special care at every stage of its manufacture to be sure 
it will meet requirements, which are very exacting. It 
therefore receives a rigid inspection. It must be per- 
fectly round and true to gage, and possess the proper 
tensile strength, torsion and elongation qualities. Prac- 
tically all consumers require this wire to stand a torsion 
test of ten twists per inch imder tension of a five pound 
weight, usually in a length of six to eight inches. Some 
demand only a minimum breaking weight while others 
specify both a maximum and a minimum. A wire having 
the high tensile strength demanded, that will withstand 
a minimum of 80 twists in 8 inches, must be free from 
all steel defects, such as pipe, seams, and segregation. 

Spoke Wire — Satisfactory spoke wire to be used in 
the manufacture of automobile wire wheels must pos- 
sess special mechanical properties. It is made from 
sound stock, free from all imperfections, so that a good 
finish can be obtained on the final product. The method 
of manufacturing spokes requires that the wire shall 
be capable of being swaged, headed and threaded. It is 
stiff enough to withstand the loads to which it is 
subjected and yet it possesses considerable toughness 
and ability to withstand the shocks and vibration that 
arc imposed on it in service. The increase in strength 
obtained by heat treatment, plus that developed in the 
wire by drawing to the finished size, results in a tensile 
strength ranging from 140,000 to 160,000 pounds per 
square inch. It is furnished in sizes ranging from 0.064.*) 
to 0.2045 inch, cither in bright or liquor-finished grades. 
Bicycle-spoke wire (usually 0.0795 inch in diameter), 
also follows this general requirement, but is normally 
supplied with a drawn galvanized finish. 

Baby carriage and similar types of wire wheels do not 
require the high tensile .strength developed in the wire 
for automotive wheels. A bright or tinned low-carbon 
basic wire, drawn direct to finished size from the rod 
without any intermediate heat treatment, is furnished 
for this purpose. It has a tensile strength of 90,000 to 
110,000 pounds per square inch and is usually supplied 
in sizes ranging from 0.0625 to 0.162 inch. 

Valve Spring Wire— Formerly, automobile engine 
speeds averaged about 2200 r.p.m., but this speed has 
since been increased up to 3800 to 4200 r.p.m. Ordinarily, 
any good commercial oil-tempered wire with a carbon 
content of from 0.60 to 0.80 per cent would make a 
satisfactory valve spring capable of giving dependable 
service at 2400 r.p.m. At 3300 to 4200 r.p.m., however, 
there is a terrific increase in the fatigue stresses so that 
failures of ordinary wire frequently take place in les.s 
than 1000 miles of operation. But by careful selection of 
material at each stage in the manufacture of the wire, 
all the requirements of the high-speed valve spring have 
been met. Some of the precautions taken with this ma- 
terial are: (1) Use of basic steel of exceptional cleanli- 
ness. (2) Generous cropping from both top and bottom 
of the ingot. (3) Inspection and conditioning of billets. 
(4) Pyrometric control of rod temperatures. (5) Extra 
heat treatments from rod to finished wire. (6) Special 
heat treatment on finished wire. (7) Special tests, in- 
cluding sharp right angle bend tests in four directions. 
(8) Tensile tests to destruction from each end of every 
bundle. (9) Spring winding and extension tests for 
uniformity of temper. (10) Vibration tests of sample 
springs on motors. 

Tempered Wire— Tempered wire is made in rounds, 
fiats and rectangles. The most important feature of this 
class of material is its temper, which depends upon both 
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the composition and heat treatment. The tensile strength 
of this product may ordinarily be required to range from 
as low as 160,000 pounds per square inch to as high as 
300,000 pounds per square inch. Occasionally, strengths 
in excess of 300,000 pounds per square inch are required. 
The tempering is accomplished by passing the wire 
through a continuous tempering furnace in which the 
wire passes successively through a heated muflle or 
heated tubes or a hot lead pan, an oil quenching bath and 
a cold lead pan. 

The temperatures of the muffle, tubes and lead pans 
are controlled automatically by pyrometers which hold 
each of these at a very uniform temperature and con- 
sequently give uniform temper to the wire within very 
close limits. 

Tinned armature -binding wire is another specialty 
wire. It is made in several grades, which difter in 
tensile strength. The specifications require a product 
having high elastic limit and high elongation combined 
with toughness. To obtain this combination, important 
essentials are: first, steel of the proper composition; 
second, proper heat treatment; third, a uniform drafting 
practice; fourth, a tinning temperature which will give a 
good finish and will aid in obtaining the desired physical 
properties in the finished wire. 

Metal -Stitching Wire was developed for fastening 
non-stressod parts in automotive assembly operations 
and is now also used in the assembly of non -stressed 
aircraft structures as well as in a multitude of other 
types of assemblies. In this application, the wire is fed 
from a spool through a stitching machine which cuts 
the wire to length, forms it into a staple and drives 
the legs of the staple through the material to be fastened. 
In most cases, the legs are folded back or clinched after 
penetrating the two or more layers being assembled. 
This wire is frequently used to unite metal to metal or 
metal and non-metal parts, such as rubber, fiber, felt or 
plywood. The tensile strength of wire for these ap- 
plications may range from 200,000 to 330,000 pounds 
per square inch, depending on the thickness and type 
of metal required to be penetrated by the fasteners. 
For this purpose, it is evident tliat the wire must be very 
uniform in temper and possess great toughness. Metal- 
stilching wire is made with several different finishes, 
according to whether a protective or decorative finish 
is desired. 

Other Special Wires — Besides those already men- 
tioned, there are numerous other grades of drawn high- 
carbon wires produced. In practically every case, the 
various grades differ from each other in one or more 
respects, such as stock, temper, quality of toughness, 
finish and coating. Practically all of the high -carbon 
wires are classified as “special wires.” By special wires 
is meant wires made to uncommon specifications, either 
as to finish or mechanical properties. The range of 
stocks used for special wires may include basic open- 
hearth steel from the lowest carbon steel up to a steel 
having a content of 1.20 per cent carbon. There are at 
least twenty-five different carbon grades, and these 
are further increased by variations in manganese and 
other elements. Following selection and rolling of the 
stock, preliminary testing of the rods is usually neces- 
sary to prevent unnecessary work on slock which will 
not give the desired qualities in the finished wire. 
Extreme care must be used in the cleaning, coating, and 
every step of the manufacture. Special drafting, various 
heat treatments, both before and after the complex 
drawing processes, special testing and extraordinary 
precautions must be followed to secure the unusual 
Properties and degree of uniformity that may be re- 
quired. 
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STAINLESS-STEEL WIRE 

Stainless-steel wire has become an established com- 
modity for many purposes because of its utilitarian 
nature, its stainless and heat resisting characteristics, 
and its ability to withstand a variety of forming opera- 
tions. Among the established products are cold-heading 
wires for the manuiacture of bolts, rivet pins, and 
screws; tinned non-magnetic armature-binding wire for 
use in highly -powered motors for Diesel engines, and 
other motors which require a high-tensile non-magnetic 
wire; welding wires furnished for all methods of weld- 
ing; spring wires to be used where resistance to chemical 
solutions and atmospheres is a necessity; weaving wires 
for a wide range of screens from very fine mesh flour 
sifters to coal and coke screens and continuous high- 
iemperature conveyor belts; rope wires for specialized 
purposes such as mine sweeping, aircraft-control cables 
and strands for yachts and ships. The unusual prop- 
erties of stainless steel which permit a lasting bright 
finish to be developed, combined with its utilitarian 
nature, give it great intrinsic value when used as dis- 
play racks, dishwasher and refrigerator racks. 

While Types 430, 410, 302, 304, and 305 may be con- 
sidered the more popular grades, almost the entire list 
is drawn to wire for a great variety of uses. 

The processing and drawing of these steels are similar, 
in general, to that of the carbon -steel wires. They 
will differ somewhat in individual practices because of 
the inherent nature of the alloys, such as resistance to 
some acids and activation by others, all of which com- 
bine to make the coating and lubricating problems in 
drawing stainless-steel wires one of meticulous control. 

STAINLESS COLD-ROLLED STRIP STEEL 

Stainless cold-rolled strip steel is manufactured from 
hot-rolled annealed and pickled strip by cold rolling 
in mills equipped with ground or ground and polished 
rolls, depending upon the surface finish requirements. 
Strip steel is normally supplied up to and including 
231%0-inches wide in a great many of the more com- 
mon types of stainless steels. 

A range of mechanical properties can be provided 
by taking advantage of possibilities offered by 
combining tlie influences of chemical composition, cold 
work (cold rolling), and heat treatment. These are 
varied according to the mechanical properties desired. 
Physical properties developed in this manner are re- 
ferred to as tempers and are associated with the capacity 
each temper level possesses in regard to resistance to 
cold deformation. In the straight chromium grade (400 
series), only three tempers are generally recognized by 
the industry, viz., full hard (Rockwell C 20 minimum), 
No. 4 Temper (approximately Rockwell B 89-90), and 
No. 5 Temper (approximately Rockwell B 83 maximum) , 
In the chromium-nickel steels (300 series), No, 4 Tem- 
per will show approximately 80-90 Rockwell B and No. 
5 approximately Rockwell B 83 maximum. In addition 
to these soft tempers, a variety of hard tempers is avail- 
able classed as and % hard and full hard. These 

are based on minimum values for tensile strengtli or 
yield strength or both. 

Finishes — ^Various simface finishes are possible in 
cold-rolled stainless strip steel although they are grada- 
tions, For example, a dull finish without luster can be 
produced by rolling on rolls roughened by chemical or 
mechanical means. A luster finish can be produced by 
rolling on rolls having a moderately high finish. For 
the very best or high luster, all of the treatments must 
be carefully done and the rolling performed on highly- 
polished rolls. 
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Basically only two finishes are recognized in the 
stainless steel strip industry: 

No. 1 Finish, which is cold rolled, annealed, and 
pickled, and 

No. 2 Finish, which is cold rolled, annealed, pickled, 
and rerolled. 

Because of the difference in the alloy contents be- 
tween the straight chromium and the chromium-nickel 
steels, it is possible to anneal the former so that a bright 
finish results, while the annealed and pickled chromium- 
nickel steel will be dull. In the chromium-nickel steels, 
No. 1 Finish is classed as dull, while the hard tempers 
are relatively bright as will be the No. 2 Finish, No. 4 
Temper. 

Since the annealed and pickled straight chromium 
steels result in a bright No. 1 Finish, it is possible to 
change the processes to enhance this finish in making 
a No. 2 so that it is even brighter. Dull finishes are 
also available in these grades where the requirements 
are necessary. 

There are three edges available in stainless strip 
depending upon the width and thickness: 

No. 1 Edge is a rolled edge, either round or square 
as specified, and is recommended when a very 
uniform width is required. It is limited to strip 
of approximately 5 inches in width and under. 

No, 3 Edge is an approximately square edge pro- 
duced by slitting. This edge is not burr free. 
Width is not a limiting factor in furnishing this 
edge. 

No. 5 Edge is an approximately square edge produced 
by rolling or filing for the primary purpose of 
removing burr originating in the slitting opera- 
tion. Width is not a limiting factor in furnishing 
this edge. 

COLD-ROLLED CARBON-STEEL STRIP 

Cold-rolled carbon-steel strip is manufactured in a 
variety of finishes, tempers, and edges, all depending 
upon the end use. By common custom, cold-rolled 
carbon-steel strip is made in a width range of over ^ 
inch to 23 inches and up to 0.2499 inch thick. It 
may have a carbon content of 0.25 per cent maximum; 
material of this form containing more than this amount 
of carbon is considered as flat carbon spring steel. 

Cold-rolled strip is produced in coils on any of the 
conventional reversing mills, tandem mills, or by single- 
stand rolling. While the strip may be supplied in coils, 
it can be furnished in cut lengths by the straighten- 
and-cut process. 

Before cold rolling, the mill scale is removed from the 
hot-rolled strip by pickling. From this point, the strip 
may be cold reduced to final thickness or to some inter- 
mediate gage where it is annealed and further cold 
reduced to obtain the desired temper and gage. 

Temper — Many degrees of temper are possible in the 
manufacture of cold -rolled strip by controlling the 
combinations of cold rolling and annealing. However, 
many years of use have brought certain ranges of 
temper into common usage, and these have come to be 
recognized by nximber, as follows: 

Maximum Rockwell Hardness 


Temper 

Carbon 

Content 

(Per Cent)* 

Mini- 

mum 

Maxi- 
mum* • 

No. 1 (Hard Temper) 
No. 2 (Half Hard) 

0.25 

0.25 

1 1 I 

B-85 


No. 3 (Quarter Hard) 

0.25 

B-60 

B-75 

No. 4 (Skin Rolled) 

0.15 

— 

B-65 

No. 5 (Dead Soft) 

0.15 

— 

B-55 


* Ladle analysis 
•• Approximate 

•For thicknesses 0.070 inch and greater 

** For thicknesses less than 0.070 inch. 

No. 1 Hard Temper is a very stiff springy strip intended 
only for flat work where no bending is required. 
No. 2 Half Hard Temper is less stiff than No. 1, but is 
intended for limited cold forming and will only 
withstand 90 degree bends made across the direction 
of rolling. 

No. 3 Quarter Hard Temper is intended for limited 
bending and cold forming and can be bent 90 degrees 
in the direction of rolling and 180 degrees across 
the direction of rolling over its own thickness. 
No. 4 Skin-Rolled Temper is intended for cold forming 
such as bending flat upon itself in any direction and 
for deep drawing. The purpose of the skin pass 
is to prevent the formation of stretcher strains. 

No. 5 Head Soft Temper or annealed temper is in- 
tended for severe cold forming and deep drawing 
where the formation of stretcher strains are not 
objectionable. 

Three finishes have come to be recognized as standard 
within the industry, again by common usage. 

No. 1 Dull Finish does not have any luster and is 
actually made rough intentionally by rolling on rolls 
roughened either mechanically or chemically. This finish 
is suitable where paint adherence is desired, or in deep 
drawing since the lubricant will stick to it. 

No. 2 Regular Bright Finish is cold rolled on rolls 
having a moderately smooth finish. It is suitable for 
many requirements, although it is not generally ap- 
plicable to plating. 

No. 3 Best Bright Finish is the highest luster finish 
produced by cold rolling and is particularly suited for 
electroplating. 

Cold-rolled carbon-steel strip in No. 1 Dull Finish, 
No. 2 Regular Bright Finish, and No. 3 Best Bright 
Finish is also available with “rolled- in” designs pro- 
duced tlirough the use of embossed rolls. 

Six types of edges have become recognized as standard. 

No. 1 Edge is a prepared edge of a specified contour 
(round, square, or beveled) which is produced when 
a very accurate width or edge finish is required. 

No. 2 Edge is a natural mill edge carried throughout 
the cold rolling from the hot mill without additional 
processing of the edge. 

No. 3 Edge is an approximately square edge produced 
by slitting. 

No. 4 Edge is a rounded edge produced by edge rolling 
either the natural edge of the hot-rolled strip or the 
slit-edge strip. This edge is produced when an ap- 
proximate round edge is desired and when the finish 
of the edge is not important. 

No. 5 Edge is an approximately square edge produced 
by rolling or filing of a slit edge to remove the burr. 

No. 6 Edge is a square edge produced by edge rolling 
the natural edge of the hot-rolled strip or slit-edge strip 
when the width tolerance and finish required are not so 
exacting as for No. 1 Edge. 

FLAT WIRE 

Flat wire is ordinarily cold rolled from a drawn round 
wire, properly annealed and treated to permit additional 
reduction in rolling and to produce a reasonably bright 
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surface. Natural round, smooth edges are produced by 
this method of manufacture. Flat wire can be made up 
to % inch wide, with ratio of width to thickness being 
in accord with good manufacturing practices. Normally, 
fiat wire is best produced in sizes up to % inch in width 
with roughly a 5-to-l ratio in thickness. However, this 
ratio can in some instances be as high as 10-to-l or 
15-to-l. Flat wire is available or can be made to include 
soft or medium or hard rolled tempers. This material has 
a variety of uses: some typical applications are in win- 
dow-shade roller springs (Curtain Spring Wire), leaf- 


type feeler (thickness) gauges (Feeler Gauge Steel), 
electricians’ tools for “fishing” wires between walls apd 
through conduits (Fish Tape Wire) and staples for many 
fastening operations involving stapling machines (Flat- 
Preformed Staple Wire). Flat wire can be formed into 
flat wound springs. It also is used in miscellaneous 
products where spot welding is required in assemblies. 
Types 302 and 430 are grades of stainless steel which 
have been most commonly furnished in the form of flat 
wire, although flat wire can be produced from many 
of the other grades. 


SECTION 11 

SOME FABRICATED STEEL-WIRE PRODUCTS 


Importance of Fabricated Wire Products— Steel wire 
is fabricated into thousands of different kinds of articles, 
which are used for a great variety of purposes. In a list 
of such articles will be found many items of common use, 
such as automobile and bicycle wheel spokes, hoops, 
rivets, bolts, chains, buckles, cotterpins, sifting screens, 
wire netting, wire cloth, and a host of others, each of 
which consumes large amounts of wire. Since even the 
briefest description of the fabrication of all these articles 
would require a great deal of space, only a few of the 
more important commodities, in the fabrication of which 
great tonnages of steel wire are consumed annually, are 
briefly discussed here. 

WIRE NAILS 

The wire nail has almost entirely displaced the old- 
style cut nail, being better in all respects and much 
cheaper. A review of any modern nail catalogue will 
show that there are many varieties as to length, size 
and .style, ranging all the way from the tiniest tack to the 
long heavy spikes. The common finish on nails is ob- 
tained by tumbling, though large quantities are gal- 
vanized, tinned, blued by oxidation, or cement coated. 
In the last named process the nails are given a light 
coating of some compound of a resinous nature which 
greatly increases their holding capacity. 

Nail Machines — All steel-wire nails are made in auto- 
matic machines. These machines differ greatly in size 
and in design, but the principle of operation is much 
the same in all of them. Nails are made on a machine 
by five distinct operations; namely, (1) forming the head, 
(2) feeding the wire, (3) pinching the wire, (4) cutting 
off the wire and forming the point, (5) expelling the nail. 

The head of the nail is formed by compressing and 
flattening against a die the portion of the wire which 
projects beyond this die and remains after the pre- 
viously-formed nail has been cut from the wire. This 
compressing and flattening is done by a hammer which 
is attached to a reciprocating member, called a hammer 
stock, which in turn is actuated u.sually by a crank and 
pitman. The amount of wire which projects beyond the 
die governs the size and thickness of the head and is 
regulated by adjusting the cutting knives to the proper 
distance from ^is die. The various shapes of heads 
are obtained by cutting the desired depression in the die. 
This die is split, that is, made in two parts, one fixed or 
stationary and the other movable. 

Feeding — After the head is formed, the hammer moves 
away from the die, and the die opens up and allows 
the feed mechanism to push the wire, with a nail head on 
the end, the correct distance through the die to give a 
nail of the length required. The feeding mechanism is 
driven by an adjustable crank on the flywheel of the 
machine, and, by adjusting this crank, various lengths 


of nails can be obtained. This feed mechanism also pulls 
the wire through a series of staggered rolls, as it leaves 
the reel, to straighten it. 

Pinching — When the hammer has reached the end of 
the stroke, the wire has been fed the correct amount for 
the nail required and the die closes to pinch the wire. 
This pinching action is motivated by a cam on the crank- 
shaft. 

Cutting — Immediately after the wire is pinched, two 
knives, each attached to a lever, move together and cut 
the wire. These cutting knives are ground to form the 
point on the nail at the same time that the cut is made. 
This point is formed by pressing the wire into the shape 
required, and, in doing so, some of the metal is squeezed 
out or protrudes between the knives and is cut off by 
them. These cutoff particles are called whiskers. The 
cutting levers to which the knives are attached are 
actuated by various forms of mechanisms deriving their 
motion from the crankshaft. 

Expelling — Sometimes, because of dull knives or in- 
sufficiently clo.se adjustment, the nail will still adhere 
to the wire when the cutting knives open up. The cutting 
knives open up on the return stroke of the hammer, and, 
in order to remove this adhering nail, an expeller comes 
into action, knocking the nail downward out of the path 
of the hammer and breaking it off. The hammer on the 
return stroke forms another head on the wire for the 
next nail, the wire being pinched during this stroke. 
The finished nails drop into a pan placed on the floor 
beneath this mechanism. 

Finishing Common Nails — ^The nails in these pans are 
collected and placed in a tumbler, care being taken to 
have nails of only one kind in the tumbler at a time in 
order to avoid mixing. Into this tumbler some sawdust 
is also placed. The tumbler has projections on the inside, 
causing the nails to be churned when it is rotated. This 
churning polishes the nails and removes any whiskers 
which may have adhered to the nail by a thin fin of 
metal. The sawdust absorbs the grease and oil which the 
nails collected during their manufacture. The cover of 
the tumbler has perforations or a screen which allows 
the whiskers and sawdust to pass through but holds back 
the nails. After the nails are tumbled sufficiently they 
are packed in kegs ready for shipment. 

WIRE FENCE 

An increasing amount of steel wire is used for fence 
purposes. Today an enormous tonnage of galvanized 
steel wire is fabricated into woven-wire fence and 
barbed-wire fence. 

Woven -Wire Fence— There are a great many types of 
woven-wire fence, varying in style or design, and each 
may be made up in many different sizes, hi a general 
way, the various styles resemble one another in that 
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Fw. 40—34. Battery of 
machines producing 
various types of woven 
wire fence. 


they have several horizontal or lateral wires which are 
secured in position with vertical or diagonal stay wires, 
the former being stronger and stifler than the latter and 
provided at frequent intervals with tension curves, to 
take care of expansion and contraction due to temper- 
ature changes. The crossing of stay wires, with the 
horizontals, form the meshes, which may be quite large, 
as in cattle fences, or very small, as in poultry netting, 
and may be of any one of four forms, namely, triangular, 
rectangular, hexagonal, or diamond-shaped. They are 
also fastened together in various ways. In the cut -stay 
fence there is a short piece of stay wire for each space, 
having its ends twisted about the laterals. The stays may 
be electrically welded to them, or the two wires may be 
woven together. In any case, the work is done by spe- 
cially constructed and rather complex machines from 
which the coils of fence will emerge all ready for the 
market (Figure 40 — 34) . In the making of these fences, a 
most rigid system of inspection and tests is maintained, 
not only in the drawing and galvanizing of the wire, but 
also in the weaving room, in order to turn out as perfect 
a product as possible. These same fences made of extra- 
strong wire constitute exceptionally good reinforcement 
for concrete work. The leading fence manufacturers 
also produce a line of gates, special fittings, steel posts, 
and other articles used in fencing. 

Barbed- Wire Fence — In this fence, two wires, usually 
galvanized, and known as line wires, are twisted 
together, and, at regular and frequent intervals (3 to 6 
inches apart) either two or four barbs, which may be 
round, flat or oval in section, are wound about one or 
both of these line wires. The barbs are diagonally cut 
so as to produce a long sharp point extending at right 
angles to the line wires. Here again, a great variety of 
styles and sizes of fence are made by fast-running and 
rather complex machines. The bulk of barbed wire, 
however, has the two line wires of No. 12% wire, while 
the bartra are usually made of No. 14 wire. The fence 
is furnished to the market in 80-rod. or in “catch- 
weight/* spools. 


CONCRETE REINFORCEMENT 

Concrete reinforcement is a steel fabric which, as the 
name implies, is used to reinforce concrete work in its 
numerous applications. Although concrete offers groat 
resistance to compressive stress, it is lacking in tensile 
and bending strength unless reinforced by some material 
which possesses these characteristics to a marked degree. 
In this respect steel excels, particularly cold drawn 
steel, because of its high tensile strength and high yield 
point. Concrete-reinforcing wire fabric is electric 
welded: the longitudinal and transverse wires are fixed 
in position by an electric- welding machine designed to 
space the wires accurately and weld them together at 
the contact points. 

The accurate spacing of the longitudinal and trans- 
verse members is important, since it not only enhances 
the reinforcing value of the fabric by placing the steel 
exactly where it is designed to be, but also facilitates 
handling of the material. Furthermore, each welded 
intersection develops a positive anchor in the concrete. 

Electric-welded wire-fabric reinforcement has a 
varied application. It is used to reinforce concrete roads, 
buildings, dams, etc. As a matter of fact, every type of 
concrete construction should be reinforced. This fabric 
is used in such precast concrete products as pipe, posts, 
and slabs. It is supplied in fiat sheets or rolls of desired 
length and width. Standard rolls are 60 inches wide 
by 150 feet long. Welded wire fabric which is too heavy 
to be rolled must of necessity be supplied as fiat sheets. 

PRESTRESSED CONCRETE 

Prestressing of concrete is the introduction of desirable 
compressive forces into a concrete member. These com- 
pressive forces are designed to offset or neutralize any 
subsequent tensile forces which occur when the concrete 
member is loaded. Since concrete has very little tensile 
strength, prestressing permits a concrete member to 
withs^d tensile forces without cracking. 

Prestressing is done by two general methods: 
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(a) Pretensioning, Steel wire or strand is tensioned on 
a precasting bed and then concrete mix is poured around 
the steel. When the concrete has attained full strength, 
the strand or wire is released from its tensioning ap- 
paratus, and the tensile forces of the steel induce equal 
and opposite compressive forces in the concrete. The 
bond between the concrete and steel continues to hold 
the steel in tension and the concrete in compression. 

(b) Postensioning. Steel wire or strand is threaded 
through ducts in a precast concrete member and ten- 
sioned by means of end fittings. The tensile forces of the 
steel induce equal and opposite compressive forces in 
the concrete members. 

Wire and strand for prestressed concrete must have 
high tensile strength— usually on the order of 250,000 lb. 
per sq. in. Both wire and strand are furnished from cold- 
drawn wire, and after the final draft or stranding they 
are stress-relieved by immersion in molten lead at tem- 
peratures of about 800 ® F. Stress relieving improves the 
elastic properties and ductility of the product and also 
burns the surface clean of any residual matter on the 
wire or strand. 

The greatest use of prestressed concrete to date has 
been in bridge and tank construction and in the manu- 
facture of pressure pipe. 

BALE TIES 

Large quantities of wire are used annually for tying 
or bundling bales, bundles, boxes, or packages of every 
description. While there are several styles of bale ties, 
each, however, is made of wire that is high in tensile 
strength and fairly pliable, a goodly percentage of this 
commodity being made of annealed medium-carbon 
steel having a light oxide finish. The wires are cut to 
length, and one end is fabricated to form a means of 
fastening the two ends together. Lengths and sizes vary 
between wide limits, but tie wires arc made of sizes 
No. 13 to inclusive, plain or galvanized. They are 
put up and sold in bundles of 250 and 500 per bundle, the 
ends of the bundles being wrapped in burlap. 

WIRE ROPE 

A single, solid bar of steel, for example a bar one inch 
in diameter, is very stiff and will stand relatively little 
“back-and-forth” bending before breaking, but if this 
same bar of steel is drawn and then formed into a twisted 
bundle, or “strand,” of small wires having the same 
aggregate sectional area of metal, it will be found to have 
gained greatly both in flexibility and life, and usually, 
also, in tensile strength. These reasons account for the 
large amount of steel-strand wire rope that is used as 
haulage rope, hoisting, rope, hawsers, guys, etc., and for 
such purposes as oil-well drilling, ships* rigging, tram- 
ways, elevators, and so on. These ropes consist of iron or 
steel wires ranging in tensile strength from 85,000 to 
280,000 pounds per square inch or even more, the wire 
of very high strength being made from high-carbon 
steel. Wire for ropes used for guy or standing purposes 
is generally galvanized. 

Fabrication of Wire Rope — A full description of the 
fabrication of wire to form the various types and kinds 
of rope would be very lengthy, indeed. Consequently, 
only a few of the simplest examples can be cited here to 
illustrate a few of the principles involved in steel wire 
ropemaking. The first wire rope was made of straight 
wires held together by fine wires which were wrapped 
about them at intervals, but this construction was un- 
satisfactory for obvious reasons. The first great improve- 
ment consisted in twisting a number of wires together 
to form what was called a strand, and then twisting a 
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number of these strands together to form a rope. At 
first both the strands and the rope consisted only of wire, 
and the strands in the rope were few in number, with the 
result that it lacked flexibility and wearing qualities. 
But this lack was soon remedied by the introduction of 
the hemp core, which, together with an increase in the 
number of strands and the number of wires in a strand, 
marked the beginning of really successful wire rope 
manufacture— from the standpoint of the user, at least. 
So, a steel wire rope, as it is made today, may be defined 
as a group of strands, usually in one layer, twisted to- 
gether helically and symmetrically, with a uniform pitch 
and direction, around a central core of hemp or wire, 
each strand in turn consisting of a group of steel wires 
similarly twisted, in one or more layers, around a central 
core of wire or hemp. The principal operations of rope- 
making are two in number and are known as stranding 
and laying. 

Stranding — Stranding consists of bringing the individ- 
ual wires together in a predetermined pattern, and 
twisting or “stranding** them uniformly in concentric 
rings about a central wire, in either a clockwise or 
counterclockwise direction, to form the completed strand 
(Figure 40 — 35). 



Fig. 40—35. Arrangement of wires in a galvanized bridge 
strand. Note the increasing number of wires, starting at 
the right, are 1, 7, 19, and 37, respectively. 


Many t 3 rpes and geometrical patterns of wire-rope 
strands are possible and are made for special uses. Most 
wire-rope strands, however, fall into three classifications 
or basic types: 7- wire, 19-wire, and 37-wire. The 7-wire 
strand is made by covering a center wire with a layer of 
6 wires stranded or twisted about it in tmiform helices. 
Strands of this kind made of uncoated wires are closed 
about a fiber core to form a 6x7 haulage rope (Figure 
40 — 36, Diagram A), When made of galvanized wires, 
this construction is a 6x7 guy or standing rope. If a cover 
of twelve wires is twisted about a 7-wire strand, a 
19-wire strand is formed. There are several modifications 
of the basic 19-wire strand used in the fabrication of 
6x19 hoisting ropes, the most widely used of all wire 
ropes. Adding another cover of 18 wires to the 19-wire 
strand produces the 37 -wire strand, which is also 
fundamental in design. Modifications of this basic pat- 
tern are used by manufacturers in wire rope.s of special 
flexibility, such as crane ropes and other wire ropes 
which operate over relatively small sheaves. 

Laying or Closing — ^The final operation in rope making 
is the closing of the strands around the core. More wire 
ropes are composed of six strands than all the others 
combined, as the 6x19 and 6x37 classifications are the 
most common tjrpes. Eight-strand ropes, 8x19 classifica- 
tion, are extensively used on passenger elevators. There 
are ropes of three, five, and other numbers of strands, 
but these are comparatively few in number. The largest 
number of strands in any standard wire rope is eighteen 
in 18x7 non-rotating hoisting rope. 

The cores around which the strands are closed are 
usually either fiber or wire. Fiber cores are standard 
for wire ropes which are not subjected to heat, crushing 
and/or heavy loads. Wire cores, usually independent 
wire-rope cores, are employed where greater strength or 
greater resistance to distortion and/or heat are required. 
Other substances, such as plastics, are used to very 
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A. 6 X 7 Classification Haulage Rope, consisting of 6 strands 
of 7 wires in each strand and one fiber core. 



B. 6 X 19 Classification Hoisting Hope, with 6 strands of 19 
main wires in each strand and one main fiber core. 



C. 8 X 19 Seale Elevator Hoisting Rope, consisting of 8 
strands of 19 wires in each strand - arranged in Seale 
construction - and one fiber core. 



D. 8 X 19 Classification Hoisting Rope, consisting of 8 
strands of 19 main wires in each strand - plus 6 filler 
wires and one fiber core. 



E. 6 X 37 Classification Hoisting Rope, with 6 strands of 
37 main wires in each strand and one fiber core. 



F. 6 X 25 Type B Flattened Strand Lang Lay Hoisting Rope 
consisting of 6 strands, each containing a sin^e 
triangular-shaped core wire and 24 round wires and 
one fiber core. 



G. 18 X 7 Non-Rotating Hoisting Rope consisting of 12 
strands of 7 wires each over a core of 6 strands of 7 
wires each and one fiber core. 

Fzfl. 41^-^. Different typ^ of steel wire rope. 


limited extents to meet specific service requirements. 

The direction of lay of a wire rope may be either right 
or left, although practically all wire ropes are right lay. 
In a right lay wire rope, the strands form a helix about 
the core similar to the threads on a right-hand screw. 
If the direction of the lay of the wire in the strands is 
opposite to the direction of lay of the strands in the rope, 
that rope is regular lay. If the lay of the wires in the 
strands and the strands in the rope are of the same 
direction, that rope is Lang lay. Regular lay ropes are in 
greater demand than are the Lang lay ropes because 
of greater inherent stability. Lang lay ropes, however, 
possess greater resistance to abrasion than do regular 
lay ropes because of the greater distance that each outer 
wire in a Lang lay rope is exposed to surface wear. 

Types of Wire Rope — ^By changing the number and 
arrangement of wires in each strand, by varying the 
number of strands in the finished rope, by making ropes 
both with fiber cores and with independent wire-rope 
cores, by closing the ropes so that they are regular lay 
and Lang lay, right lay and left lay, by producing wire 
ropes in several grades of steel and in sizes from Mc-inch 
diameter through 4 inches in diameter, the number of 
possible wire ropes becomes legion. However, only a 
small fraction of the possible constructions are stifficient 
for industrial purposes. 

WIRE SPRINGS 

There is a wide diversity in types, shapes and sizes 
of springs, ranging from the tiny watch hairspring to the 
large buffer springs used for railroad equipment. The 
majority of springs are manufactured from medium - 
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TYPES OF END FINISHES 

Fic. 40—37. (Above) lUustrative sketch of a compression 
spring. (Below) Types of end finises for compression 
springs. 
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EXTENSION SPRING 
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TYPES OF ENDS USED ON EXTENSION SPRINGS 

Pig. 40—38. (Above) Illustrative sketch of an extension spring, giving nomenclature of parts. (Below) Types of ends 
used on extension springs. 
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Fig. 40 — 39. (Above) Illustrative sketches of <left) a torsion spring and (right) a double torsion spring. (Below) 


Types of ends for torsion springs. 

carbon or high-carbon steel; such springs are furnished 
in the annealed, hard -drawn or pretempered state. 
As to shape, they may be round, flat or rectangular. 
Special applications may require stainless steel, and 
many non-ferrous metals such as brass, phosphor bronze 
and the nickel alloys are likewise employed for certain 
classes of use. The following classifications indicate 
the springs in most common use. 

1. Compression Springs — ^These springs are open 
wound with varying space between the coils and are 
provided with the ends plain, plain and ground, squared, 
or squared and ground. They are furnished in a wide 
range of wire sizes, diameters, lengths, shapes and each 
and every one must be designed to meet certain load 
requirements. Figure 40—37 illustrates typical springs 
of this class. 

2. Extension Springs — Generally, extension springs 
are close woimd, usually with specified initial tension 
and, as they are used to resist pulling forces, they are 
provided with hook or loop ends to fit their varied 
applications (Figure 40 — 38). These ends may be an 
integral part of the spring itself, or may be specially 
inserted forgings, castings or wire forms to meet indi- 
vidual requirements. 

3. Helical Springs — The term **helical” springs, al- 
though literally applying to any spring which is helically 
wound, is generally considered as a trade name for 
extension springs used in great volume by manufac- 
turers of spring beds, couches, and cushions. Many sizes 
and shapes of this particular category are in general 
usage. 

Any one of the three foregoing types of spiral springs 
may be strengthened by increasing the wire size, or by 
decreasing the mean diameter of the helix, but in any 
case the ability of the material to withstand the load 
must be of prime consideration. 

4. Torsion Springs— This type of spring (Figure 
40 — 39) is one in which work is required to wind up the 
spring about its own axis — never to unwind it. The ends 
may be finished in a number of ways, the type of end 
being generally dependent upon the particular require- 
ments. 

5. Upholstery Springs — ^These are used to serve as 
cushion or bed springs. They are normally made in two 
styles, known as full springs and half-springs and, in 


cither, one or both ends may be “knotted,” that is twisted 
about the wire at the beginning of the second coil. 

6. Clock and Motor Flat Springs — These springs are 
made of cold-rolled high carbon strip steel of proper 
width and thickness to meet specifications and are 
tempered, tempered and polished, or tempered, polished 
and colored. The ends are formed as desired, and the 
coils are wound spirally and held in compact shape by 
a retaining clip or ring. 

7. Jig Springs and Specially -Formed Wires — ^These 
represent a group, covering an endless variety of odd 
shapes and sizes, made or formed in jigs, on automatic 
wire-forming equipment, or with small hand tools. 
Springs of this type are generally used to serve as more 
or less simple parts of mechanisms. 

SPRING TERMS 

The manufacturers of springs, in common with every 
other industry, have used terms frequently misunder- 
stood. The most common of these are: 

Bluing — A low -temperature heat treatment of springs 
after fabrication, to relieve the cold-working strains 
created by coiling and forming. 

Tested Spring — ^A spring which has had its set removed 
as a result of one or more compressions to solid height. 

Scale Testing — A spring which has been tested for load 
at a given height or heights. 

Pitch — Center to center distance between adjacent 
coils at free height. 

Active and Inactive Coils — Two types of coils are 
present in compression springs, namely, active and 
inactive. This is prevalent in squared springs where the 
end coil squared on the next adjacent coil becomes in- 
active due to its contact with said coil and, consequently, 
the inactive coils are omitted when computing spring 
load and stress data. 

Initial Tension — Indicates the force or load necessary 
to cause the coils to start to open. This force or load must 
be considered as part of the total spring load for stress 
calculations. This initial tension factor applies only to 
the close-wound extension tjrpe of spring. 

BRIDGE WIRE 

Bridge wire is the term commonly applied to high- 
grade rope wire used in the construction of cable sus- 
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pension bridges, in which the main cables consist of 
parallel wires compacted to act as a unit. These bridges 
arc remarkable for their graceful beauty, the absence of 
heavy superstructures, and their extraordinarily long 
spans. Some of the largest bridges in the world are of this 
type, including the George Washington Bridge, New 
York, and the Golden Gate and San Francisco-Oakland 
Bay Bridges, California. Interesting data on the cable 
wire used in the San Francisco-Oakland Bay Bridge 
are: Length of longest spans (West Bay) center, 
2,310 ft., side, 1,160 ft., vertical clearance, 200 ft.^ number 
of cables, 2; diameter of cables, 28% in.; number of wires 
in each cable, 17,464; diameter of each wire, 0.195 in.; 
total length of cable wire, 70,815 miles; total length of 
suspender ropes, 43 miles. Total tonnage of wire in both 
crossings amounted to 18,200 tons. 

Bridge wire requires steel of high quality and extreme 
care in every step of its manufacture from melt to fin- 
ished wire. Specifications for the finished wire have 
required: (1) The wire to be heavily coated with zinc to 
protect it from corrosion— galvanized to withstand 5 
immersions in the standard Preece test. (2) A minimum 
tensile strength of 225,000 lb. per sq. in. (3) A minimum 
elongation of 4 per cent in 10 inches. (4) A coating that 
will permit wrapping without peeling about a round 
mandrel of a diameter equal to IV 2 times the diameter 
of the wire. 

At one time, specifications required the steel to be 
made by the acid open-hearth or the crucible processe.s, 
hut It is now generally accepted that steel equally as 
satisfactory or better can be made by the basic open- 
hearth process. The wire is made from selected high- 
carbon steel, the composition of which is held within 
close limits. The composition of the steel used heretofore 
has usually been held within the following limits: 
carbon, 0.75 to 0.85 per cent; manganese, 0.55 to 0.75 per 
cent; phosphorus, under 0.03 per cent; sulphur, under 
0.03 per cent; silicon, 0.15 to 0.30 per cent, with maximum 
limits for other elements that may be present in small 
amounts. Some of the more important requirements of 
the manufacturing practice are listed as follows: The 
manufacturing processes in the production of bridge 
wire are very closely controlled in order to produce the 
required mechanical properties of high tensile strength, 
toughness, and resistance to fatigue. The bright wire is 
produced in two common wire sizes. No. 6 and No. 8, 
the former being more frequently used. The bright wire 
is usually hot galvanized. In order to prevent \mdue 
bending, and to supply wire which is straight, as re- 
quired for the subsequent spinning of the cables, the 
wire is finished in five-foot diameter coils. Coils are 
coupled together to form long, continuous lengths of 
wire, and are shipped to the bridge site on large reels, 
from which the wire is unreeled during the procc.ss of 
spinning the cables. 

The following notes cite one example of metallurgical, 
rolling, drawing and coating practice. Heats must be kept 
separate, from casting of the ingots to the finished wire. 
The steel should be made in heats of about 150 tons or 
less, cast into hot-top ingot molds, and held till com- 
pletely solidified before stripping. The ingots should be 
soaked to a uniform temperature throughout, and rolled 
on the blooming mill at a temperature of 2200 ® F, with 
reduction in each pass limited to avoid cracks and other 
rolling defects. The crop from the top of the bloom 
should not be less than 12 per cent, and billets (usually 2 
in. by 2 in. by 30 ft.) should be carefully inspected on the 
ends for pipe and segregation and on the surface for 
other defects and chipped and surfaced to remove seams, 
laps, slivers, etc. The billets should be rolled at temper- 


atures between 1900 • F and 2000 ® F to a rod of specified 
diameter with a minimum amount of water used on the 
rolk and none on the reels, to avoid hard spots on the 
rod. The rod should be carefully inspected before it is 
treated. For the latter operation, the rod is uncoiled 
continuously and passed through a 50-foot or longer 
continuous furnace held at 1625 ® F to 1675 ® F to heat 
the rod above the critical temperature of 1325® F, after 
which it is passed into an 18-foot lead pan held between 
900 ® F and 950 ® F, the exact temperature to give the 
desired structure being determined by preliminary tests 
on each heat. Lead adhering to the rod must be removed, 
a result usually accomplished by a header of coke breeze 
on the exit end of the lead bath. 

To clean the rod, it is pickled in a bath, the acidity of 
which is maintained between 5 and 8 per cent with 66® 
Baume sulphuric acid, and the lempcratiiro of which is 
held at not over 110 ® F to avoid acid embrittlement that 
cannot be removed by the subsequent baking. A suitable 
inhibitor is used to reduce the amount of acid consumed, 
prevent overpickling, or pitting, and help avoid acid em- 
brittlement. 

The rod is then washed with water, and sprayed 30 or 
40 minutes to obtain a complete sull coat; submerged 
repeatedly in a water suspension of slaked lime; and 
baked 10 to 12 hours at 400® F to 450® F. 

The rod is then drawn on a specially-built 6-draft 
continuous machine or on powerful 30-inch diameter 
blocks at a .speed of 16.5 r.p.m. or 130 feet per minute, 
using powdered soap mixed with grit-free hydrated lime 
as a lubricant and uniform light- reduction drafts of 
0.384, 0.334, 0.290, 0.252, 0.219, and 0.192. Each wire should 
be inspected front and back and tested. Requirements 
are: minimum tensile strength, 240,000 lb. per sq. in., 
40 per cent reduction of area; and 2 per cent elongation 
in 10 inches. It has been demonstrated that wire cold 
drawn to finish in this way is far superior for bridges 
than a heat-treated wire of about the same strength. 

Galvanizing operations are continuous, the wire pass- 
ing through the following baths: (1) molten lead at 
850 ® F, momentarily, to remove lubricants, (2) a clean- 
ing box containing a 4 to 6 per cent solution of hydro- 
chloric acid at 150 ® F to 170 ® F, (3) a hot water wash 
at 200 ® F, (4) a flux box of zinc chloride (ZnCL) or 1 per 
cent hydrochloric acid at 150 ® F to 175 ® F, (5) the 
galvanizing tank filled with especially pure zinc at 880 ® F 
to 900 ® F, equipped with an exit sinker of the roller type 
and a charcoal header filled with a mixture of charcoal 
and beef tallow. 

Bridge Strands — For cable suspension bridges where 
the size of the main cables does not justify the stringing 
of individual wires, parallel bridge strands are used to 
form the main cables. These strands are compacted in the 
same manner as are the main cables compo.sed of indi- 
vidual, parallel bridge wires. 



Chapter 41 


MANUFACTURE OF STEEL TUBULAR PRODUCTS 


SECTION 1 

HISTORY AND CLASSIFICATION OF STEEL TUBULAR PRODUCTS 


Events Leadings to Development of the Butt -Weld 
Process — About the year 1815, William Murdock, a Scot- 
tish inventor, introduced at London the use of coal gas 
for lighting purposes. For conveying this gas, Murdock 
collected old musket barrels and screwed them together 
to form continuous tubes. The popularity of this lighting 
system created a demand for tubes, and stimulated in- 
ventors to seek some means of producing the tubes more 
rapidly and at a lower cost. The first to succeed in this 
undertaking was James Russell, who filed patent papers 
describing his process as “an improvement in the manu- 
facture of tubes for gas and other purposes” in 1824. In 
his method, the tube was formed by butting the white- 
hot edges of a bent plate together. The initial welding 
was done with a tilt-hammer provided with round 
grooves in the head, and the rough tube thus formed was 
finished by reheating it and passing it through a round 
groove in a rolling mill and over a mandrel which was 
supported in the pass, or opening, between these rolls. 
The next year, however, RusselFs work was over- 
shadowed by the invention of Cornelius Whitehouse, 
who succeeded in forming a commercially perfect tube 
by merely drawing the fiat plate, heated to a proper tem- 
perature, through a “bell” or die. This invention, which 
became the basis of one of the present-day butt-weld 
processes, made it possible to produce tubes of superior 
quality much more cheaply than before. Shortly after 
this invention, about 1832, the first shop for making butt- 
weld pipe in the United States was established in Phila- 
delphia by Morris, Tasker and Morris. Four years later, 
this firm built the works afterwards known as the Pascal 
Iron Works. Following their success, other plants ap- 
peared in Eastern Pennsylvania, Eastern New York, New 
Jersey and Massachusetts, but no plants were built west 
of the Allegheny Mountains until after 1860. The idea 
that pipe could be butt-welded continuously was con- 
ceived by John Moon in 1911. Later, with S. F. Fretz, Jr., 
he built the first experimental mill. This equipment 
proved successful and in 1921 and 1922 the Fretz-Moon 
Tube Company was formed and continuously butt- 
welded pipe was made on a production basis. 

First Seamless Tubes — Following these developments 
in making welded tubes, inventors turned their attention 
to the production of seamless tubes. At first they at- 
tempted to duplicate with iron or steel the method (ex- 
trusion) used to produce tubes of lead and other ductile 
metals, namely, forcing the hot metal through an orifice 
formed by a mandrel or punch located and supported in 
the center of a circular die. In 1836 such a process was 
patented by Hanson in England, but this method proved 
impracticable. Two other methods were brought out in 
1840 and 1845. They involved the cupping of a plate or 
the piercing of a roimd billet in a press, and subsequently 
elongating the rough tube thus formed by drawing or 
rolling. H^ile practicable, these methods were costly. 


and for fifty years the use of seamless tubes was re- 
stricted on that account. The modern developments be- 
ginning about 1890 are described in Section 5. 

Innovations by Briggs and Riverside Iron— Besides 
these developments in methods of manufacture, two 
other events should be mentioned because of their far- 
reaching effects on the industry as a whole. About 18G2 
Robert Briggs, then superintendent of the Pascal Iron 
Works, formulated the dimensions of pipe (tube) 
threads, and compiled a table giving the nominal sizes, 
the exact diameters and the number of threads per inch 
for all sizes of pipe and tubes up to 10 inches. These 
formulae and tables were subsequently adopted as 
standard for the manufacture of all tubes and pipes up 
to 15 inches in size and are widely known as “Briggs 
Standards,” but the name now officially adopted js 
American Standard (A.S.A.) Pipe Thread. In 1887 the 
Riverside Iron Works, Wheeling, W. Va., began making 
butt- and lap-welded pipe of soft Bessemer steel. Up to 
that time, wrought iron had been the only material used 
for welded pipe and tubes. Riverside proved that steel 
was not only equal to wrought iron for this purpose, but 
actually superior to it in many respects. 

The Present Importance of the Steel Tubular Industry 
and of steel tubular products is apparent to all observers. 
This growth was due to many things, chief of which is 
the diversity of uses to which steel tubular products may 
be and are applied. The mere mentioning of the names, 
oil, gas, air, water, plumbing, heating, ammonia, dry- 
hiln, greenhouse, boiler tubes and bedstead tubing are 
sufficient to call to mind industries almost wholly de- 
pendent upon steel pipe or tubing. In addition to these 
uses, we find it in service as trolley poles, flag poles, 
lighting poles, telephone and telegraph poles, columns, 
conduits, automobile axle housings, airplane fuselage, 
motor mounts, and many other items too numerous to 
list here. 

Classification of Steel Tubular Products— The many 
uses to which steel tubular products have been applied 
have led to a great variety of products and to the use of a 
large number of more or less descriptive terms in desig- 
nating the products used for different purposes. Use, 
therefore, may form a basis for classifying steel tubular 
products, as shown in Table 41 — I. 

Another classification is based on methods of manu- 
facture. On this basis all steel tubular products may be 
classified under the two main headings of welded and 
seamless, with subclasses, as shown in Table 41—11. 

Modern Methods of Manufacturing Welded Tubular 
Products— A butt-weld pipe or tube is made from a 
hot-rolled strip, with square or slightly beveled edges, 
called skelp, the width of which corresponds to the 
circumference of the pipe, and the gage to the thick- 
ness of the wall. By heating this skelp to the welding 
temperature and drawing it through a suitable die or 
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1. Standard Pipe. 

a. Standard Weight Pipe (Black and Galvanized) 

b. Extra Strong Pipe (Black and Galvanized) 

c. Double Extra Strong Pipe (Black and Galvanized) 

2. Bedstead Tubing (Special Light Weight Pipe). 

3. Conduit Pipe. 

4. Drive Pipe. 

5. Dry-Kiln Pipe. 

G. Refrigeration and Ammonia Pipe. 

7. Large-Diameter Pipe. 

a. Water Mains 

b. Gas Lines 

c. Penstocks 

8. Line Pipe. 

a. Gas Lines 

b. Oil Lines 

c. Water Transmission Lines 

d. Slurry Lines 

9. Nipple Pipe. 

10. Tubular Piling. 

11. Tubular Poles. 

a. Line Poles 

b. Signal and Safety Poles 

c. Flag Poles 

d. Masts and Booms 

12. Rolls and Roller Piping. 

a. Paper- and Textile-Mill Rolls 

b. Printing-Press Rolls 

c. Conveyor Rolls 

13. Pressure Piping. 

a. High-Pressure Steam Lines 

b. Hot-Oil Lines 

c. High-Pressure Chemical Lines 

14. Signal Pipe. 

15. Structural Pipe. 

a. Railings 

b. Fence Posts 

c. Scaffolds 

d. Columns 

e. Bridge and Roof Trusses 

Table 41 — II. Steel Tubular Products Classified 
According to Methods of Manufacture 


A. Welding Processes. 

I. Butt -Weld Process. This process is used in the 
manufacture of pipe, Vs inch to 4 inches, nominal 
diameter. 

II. Lap- Weld Process. This process is used to pro- 
duce pipe and tubes, VA inch to 30 inches, nomi- 
nal diameter. 

III. Electric-Weld Pi ocess. This process is employed 
to produce pipe and containers in practically all 
sizes. 

B. Seamless Processes. 

I. Piercing Processes — Roll -Piercing and Disc- 
Piercing. These processes are used to make pipe 
and tubes up to 26 inches in outside diameter. 

a. Hot Finished 

dVi inches to 26 inches, outside diameter) 

b. Cold Drawn 

(Any size up to 10% inches outside diameter) 
II. Cupping Process. This process is applied in the 
manufacture of tubes and cylinders 3 inches to 
20 inches outside diameter, 

a. Hot Drawn (Finish) 

(3 inches to 20 inches) 


16. Water-Well Pipe. 

a. Water-Well Casing 

b. Water- Well Pump Pipe 

c. Water-Well Drive Pipe 

d. Water-Well Reamed and Drifted Pipe 

c. Driven -Well Pipe 

17. Oil-Country Tubular Goods. 

a. Oil-Well Casing 

b. Oil-Well Tubing 

c. Drill Pipe 

d. Drive Pipe 

18. Pressure Tubes. 

a. Boiler Tubes 

b. Superheater Tubes 

c. Economizer Tubes 

d. Water- Wall Tubes 

c. Locomotive-Boiler and Superheater Tubes 

f. Arch Tubes 

g. Air-Heater Tubes 

h. Soot-Blower Tubes 

19. Oil-Still Tubes. 

20. Heat-Exchanger and Condenser Tubes, 

a. Galvanized Tubes 

21. Mechanical Tubes. 

a. Airplane Tubes 

b. Automotive Tubes 

c. Precision Pump Tubes 

d. Working Barrels 

e. Stainless- Steel Tubes (Food and Dairy Industries) 

f. Ball- and Roller-Bearing Race Tubes 

g. Rolls 

h. Shafting 

i. Bushings 

j. Special Shapes for Structural Purposes 

k. Upset, Swaged and Special Formed Tubes 

l. Axle Tubing 

22. Stainless-Steel Pipe and Tubes. 

a. Ornamental 

b. Mechanical 

c. Pressure 

roll pass while at this temperature, the skelp is bent 
into cylindrical shape and its edges pre.s.sed firmly to- 
gether into a butt-weld or jump-weld, thus forming a 
pipe. Recent innovations which have improved this weld 
are de.scribcd in Section 2. 

In the electric -weld process, hot-rolled strip or plate, 
of a gage corresponding to the thickness of the wall of 
the pipe desired, but of an overall width .slightly greater 
than its circumference, is first edge-trimmed to insure 
parallelism and accurate width. To produce fusion- 
welded pipe, the plate is then bent into cylindrical shape 
with the beveled edges abutting to form a “V” into 
which the electrode is melted. Fusion welding, which 

i.s particularly applicable to large-diameter pipe, is a 
term used to distinguish this method from electric- 
resistance welding used in the manufacture of smaller 
sizes of tubing. By the latter process union of the scam 
is effected by the application of pressure and heat, the 
heat being generated by the resistance to current flow 
(either transformed or induced) across the seam during 
the welding. 

Seamless Tubular Products are made by two basic 
processes, known as the piercing and the cupping proc- 
ess. The piercing process, in which a solid round bar 
or billet is heated, pierced and afterwards wrought to 
the desired diameter and thickness of wall, is employed 
generally on sizes up to 26 inches, outside diameter, 
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while the cupping process, in which the tubing is formed 
by pressing a preheated solid round plate through cup- 
shaped dies, may be employed for all sizes between three 
and twenty inches. The reasons for these restrictions in 
the use of the five methods cited will be made apparent 
in the detailed descriptions that are reserved for suc- 
ceeding sections. 

Pipe — Applied in a general sense, pipe is a term used 
to designate any long hollow body used for conducting 
gases or liquids, and may be of clay, cement, wood, lead, 
brass, cast iron, or steel. Restricted to the steel industry, 
the term is one that is applied to all tubular products 
intended for the purposes for which such products are 
ordinarily used, as for conducting water, fuel, gas, steam, 
air, oil, etc. The term “wrought’* distinguishes forged 
iron or steel pipe from cast-iron jupe. 

Varieties of Pipe — Since the pipe should be adapted 
to the kind of service it i.s expected to give, there are 
different varieties of pipe. Thus, welded pipe is regularly 
made in three separate classes, which are distinguishable 
by characteristic differences in the wall thickness of each 
class of pipe as a class. Those chisses of pipe are known 
as standard weight, extra strong, and double extra 
strong. Standard weight pipe is pipe made and threaded 
to the American Standard (A.S.A.) . The weights or wall 
thicknesses of this pipe are suitable for all ordinary pur- 
poses, such as water and gas lines for plumbing and 
heating, etc. Extra strong pipe is characterized by 
heavier walls in all sizes than the standard weight pipe, 
and is used where higher internal pressures or greater 
column loads are to be sustained. Double extra strong 
pipe is used for extremely high-pressure purposes, such 
as hydraulic lines for operating hydraulic machinery or 
apparatus. Line pipe, used for the higher pressure oil, 
gas and water linos, and drive pipe, used in drilling oil 


and water wells, differ from each other and from stand- 
ard pipe mainly in the manner in which the different 
sections of pipe are coupled together. Air-line pipe, 
used for steam train and electric car air-brakes, and 
drill pipe, used for oil-, gas- and water-well drilling, 
are further examples of the different varieties of pipe. 
In addition to these varieties, pipe is also made to con- 
form to the British Standards. Pipe may be used for 
many structural purposes, such as columns, railings, 
piling and poles for telegraph, telephone and electric 
power lines, also railway signal and safety devices. 

Sizes of Pipe — As a whole, pipe is made in sizes that 
range from Vs -inch nominal inside diameter to 96 inches 
outside diameter. Up to a diameter of 12 inches, pipe is 
commonly known by the inside diameters, and is spoken 
of as three-quarter-inch pipe, one-inch pipe, two-inch 
pipe, etc. These terms are but nominal, because, in order 
that different pieces of pipe may be coupled together 
conveniently, the outside diameters must be standard- 
ized, and any variation due to differences in gage, or 
thickness of the wall, occurs in the }x)re. However, care 
is taken to make these differences for any one kind of 
pipe as small as possible, so that in the case of standard 
pipe these nominal diameters approximate as closely as 
possible the inside diameters. Exceptions may be cited 
in the case of 8-inch, 10-inch, and 12-inch standard line 
pipe, which are made in different weights to adapt the 
pipe to different purposes. For example, 8-inch standard 
line pipe is made in two standard weights, namely 24.696 
pounds per foot and 28.554 pounds per foot, the difference 
in weight being represented by a difference in the wall 
thicknesses. Standard lino pipe, drive pipe and pipe over 
12 inches internal diameter, and practically all pipe over 
12% inches in diameter, are known by their outside 
diameters 


SECTION 2 

BUTT-WELDED PIPE 


The National Tube Division of United States Steel 
manufactures butt-welded pipe by the furnace-weld and 
continuous butt-weld methods. Following is a descrip- 
tion of these two processes. 

BUTT-WELD PROCESS (FURNACE-WELD) 

Rolling the Skelp — Skelp for butt-welded pipe may be 
rolled on any mill adapted to the rolling of long thin 
flats. For the smaller sizes of pipe, Vh inch to inch, the 
skelp sizes will range from about l^lt inch to 2% inches 
in width and from 0.068 inch to 0.109 inch in thickness. 
For the larger sizes of butt-welded pipe, the skelp will 
range in width from inches to 12 inches, and in gage 
from 0.113 inch to 0.216 inch for the standard, or from 
0.154 inch to 0.300 inch for extra strong pipe. \^ile it is 
evident that this material may be rolled by tongue and 
groove passes and plain rolls, much in the same manner 
that sheet bar is rolled, on many different types of mill, 
yet, on account of the introduction of special features 
aiming at improvements in the quality of pipe, skelp is 
best rolled on a mill specially designed for the purpose. 

Example of a Skelp Mill — As an example of a modem 
skelp mill, the No. 5, 13-inch mill at the Lorain Works of 
National Tube Division may be cited. This mill consists 
of thirteen stands of horizontal rolls and one stand of 
vertical rolls arranged on the continuous plan, but the 
roll stands are so placed that the piece will clear the 
first, second, fifth, seventh, and eleventh passes before 
it enters the next succeeding passes, respectively. In 
order to secure this arrangement, the first ten stands 


are set up in four tandem groups composed of two, three, 
two, and three stands, in the order named. The stands 
in each group are geared together and driven through 
one shaft. The eleventh stand, in which the rolls are 
vertical, and the twelfth, thirteenth and fourteenth 
stands, which are horizontal rolls, are separately driven. 
The mill is served by two continuous heating furnaces 
and is provided with a hot shear between the fifth and 
sixth passes, that is, between the second and third groups 
of rolls. Its product is received on a two-way cooling 
bed. An end-cutting shear is located at each of the two 
delivery corners of the cooling bed, and between these 
two shears are two other shears, known as the clipping 
shears. 

Operation of the Mill — The bloom, which is rectangu- 
lar in shape and of the proper dimensions to produce 
skelp of the desired size, is heated in the continuous 
furnace to a rolling heat. The first stand of rolls is placed 
far enough from the furnace to permit the switching of 
the bloom to the mill floor in case there should be a 
rolling accident on the mill or the bloom should be over- 
heated or underheated. The first two or four stands in 
the mill, corresponding to roughing rolls in other mills, 
are used to spellerize the metal. In the usual manner 
of carrying out the spellerizing process, the working 
surfaces of the first and second stands, called knobbling 
rolls, are provided with regularly shaped projections and 
depressions, while the surfaces of the other passes are 
plain. When the bloom passes through these rolls, the 
roll-knobbling, or kneading, process to which its sur- 
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Fig. 41 1. Showing how the skelp is bent and welded as it is drawn through the welding bell. 


faces are subjected is said to give a pipe surface that 
is better adapted to resist corrosion in the form known 
as pitting than that of skelp rolled on plain rolls only. 
Upon leaving the third set of rolls, the bloom, now much 
reduced in thickness, is edged by a twisting guide in 
the second group of rolls, in order to control the width. 
Next, the bloom is cut into two or more pieces by the 
hot shear, to adjust the length of the finished strip to 
the cooling bed. These pieces then pass flat-wise, or flat- 
and-edgewise, if desired, through the next five stands 
to the vertical rolls. These rolls are grooved to roll the 
edges of the skelp, which must be slightly beveled, so 
that, when the skelp is bent to form the pipe, they will 
fit squarely together and form a perfect joint. In this 
way, the defects in pipe, known as a falling, or sunken, 
seam, a depression along the weld on the outside of the 
pipe, and a deep scam, a depression on both the outside 
and inside, are avoided, for both may bo due to round 
edges on the skelp. To secure the required edge oi\ the 
finished skelp, the bottom of the grooves in the vertical 
rolls are made slightly convex, thus forming concave 
edges on the skelp, so that the spreading of the steel in 
the succeeding passes through the three stands of plain 
rolls will be just sufficient to fill the concave surface. 

Shearing the Skelp — From the finishing rolls of the 
mill, the skelp passes over the cooling bed to the shears, 
where the crop ends are cut off, and the remainder 
of the strip is cut into the lengths desired, the standard 
lengths being approximately twenty-one feet for single 
lengths and forty feet for double lengths. The skelp is 
then passed to the clipper, a machine that performs the 


double function of a shear and a press. It (1 ) shears two 
small triangular shaped pieces from one end of the 
skelp, one from each corner, (2) .shapes, or cups, the 
pointed end to start the curve for welding, and (3) bends 
the skelp transversely just back of the curve, so that 
when the skelp lies on the flat surface of the welding 
furnace hearth the pointed end will be elevated, thus 
making it easier to grasp with the welding tongs. Care 
is required in adjusting the end of each strip in this 
machine, so that ^e clipping and cupping will be sym- 
metrical, as otherwise the skelp will be liable to stick 
in the welding bell, which will be described later. The 
skelp is now stacked in a small pile, loaded on railroad 
cars with a crane, and then taken to the butt- welding 
furnaces. 

The Butt-Welding Furnace — In the pipe mill, the 
skelp is charged directly into a reheating furnace pre- 
paratory to welding. To obtain uniform heating of the 
material (a condition absolutely necessary to effect good 
welding) and economize in time and labor (factors tliat 
vitally affect the cost of pipe) the heating furnace, 
charging apparatus, welding appliances, and finishing 
machines must be of special design, and constitute a 
single unit. The heating furnace is the central figure 
in this unit. These furnaces are of the gas-fired re- 
generative type, and, depending upon whether they are 
designed for single or double lengths, are 22 or 40% 
feet long inside, but vary in width to suit the different 
sizes of pipe, in order to accommodate a certain number 
of skelp strips, which lie side by side upon the hearth, 
or bottom, of the furnace. Special care must be taken 




Fig. 41—2. Butt- welding 
furnace, showing a pipe 
in the process of being 
welded. 
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in making up the hearths of these furnaces to prevent 
the material of the bottom from sticking to the hot skelp 
and thus ruining the pipe. The materials used for this 
purpose are high-grade sand and gravel. The gas and 
air for combustion are admitted through ports arranged 
along the sides of the furnace, so that the flame must 
pass transversely over the hearth, which is covered with 
a low, arched roof. The ends of the furnaces are con- 
structed so that only narrow openings, one extending 
across each end just above the level of the floor, remain 
to provide an inlet and outlet for charging and drawing 
the skelp and repairing the hearth. When the furnace 
is in operation, these openings are partially closed by 
adjustable shields suspended by proper supports from 
above. Opposite the inlet is placed the charging machine, 
while the welding machine is opposite the outlet. Both 
machines are mounted on wheels. Those under the 
charging machine run on tracks laid across in front of 
the furnace, and the machine is propelled by electricity 
back and forth as desired. Usually, only the end of the 
welding machine next to the furnace is movable, and 
it is moved back and forth by a steam or air cylinder. 
The charging machine for the larger sizes of pipe is 
provided with a platform for the operator to stand upon, 
a table for supporting a pile of skelp at a convenient 
level, and, alongside, an electrically-operated endless 
chain pusher or magnetic rollers for charging the skelp 
into the furnace. 

The Welding Machine very much resembles a draw 
bench, with the end next to the furnace motmted on 
wheels and the farther end pivoted. It consists of a 
carriage, on which is mounted an endless chain for 
drawing the skelp from the furnace through the welding 
die, and a stop for holding the welding die as the skelp 
is drawn through it. The draw chain is actuated by a 
motor-driven sprocket wheel on the pivoted end. The 


welding die, called a welding bell on accotmt of its form, 
is so shaped inside that, as the skelp is pulled through it, 
the strip is gradually bent into the form of a tube, and 
its edges are forced together, thus forming the weld. The 
bells are made of a special grade of copper alloy. 

Operation of the Butt-Welding Furnace— The skelp 
from the rolling mills, in either single or double lengths, 
depending upon the size of the furnace, and of a width 
and gage to make the pipe desired, is unloaded from the 
flat car, bundle by bundle, and placed upon the charging 
machine by an overhead crane. Starting at one side of 
the furnace, the skelp is slid by hand from the pile to 
the charging table with the clipped ends foremost, one 
strip at a time, and charged into the furnace by the 
charging machine with the convex side of the clipped 
end up. After charging each strip, the machine is moved 
over a distance corresponding to the width of the strip 
before pushing in another. In this way, the bottom of 
the furnace is soon covered with the strips lying side by 
side, and the charging machine is ready to repeat the 
cycle. Since the size of the furnace and the rate of 
charging are so regulated that, when the last strip has 
been charged, the first one charged will have reached 
the welding temperature of about 2600 ® F, the welder 
now begins drawing the skelp in the same order it was 
charged. This he does with specially-designed tongs, 
having short jaws for grasping the pointed end of the 
skelp and very long handles with a locking bend in 
the middle and a knob on the end for engaging with the 
lugs, or the dog, on the draw-chain. No section of these 
tongs can be larger than the outside diameter of the pipe, 
as they must pass through the welding bell. Preparatory 
to drawing each strip of skelp, the welder grasps the 
pointed end of the skelp with the jaws of the tongs. 
He then slips, large end first, a welding bell of the proper 
size over the handles of the tongs and drops the handles 
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Fig. 41 — 3. Pipe passing 
through the sizing rolls. 
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between the two prongs of the bell stop in such a manner 
that the dog on the draw-chain will engage the knob 
on the handle. Then, the chain, traveling continuously 
away from the furnace, draws the tongs, bell and skelp 
out of the furnace. When the bell reaches the stop, it is 
held there until the skelp has been drawn through for 
its full length, when the bell drops from the stop by its 
• own weight. The flat skelp is thus bent into the form 
of a pipe, and its edges are forced together and welded, 
all in the one operation. In this way the welding requires 
but little time: one-inch pipe, for example, may bo 
welded at the rate of 750 twenty-one-foot lengths per 
hour. For the larger sizes of standard pipe, two welding 
bells, instead of one, are employed. 

Although the metallurgical features and mechanical 
principles used in manufacturing butt-weld pipe from 
skelp have remained the same for over fifty years, there 
have been numerous slight changes and innovations 
introduced with the idea of improving the weld made. 
Since the temperature of the skelp edges to be welded 
must be very closely controlled, various means have 
been developed for regulating this temperature after the 
skelp leaves the furnace and before it enters the welding 
bell. The use of a strong air blast on the edges of the 
skelp just before it enters the bell was practiced for 
many years and is still in use. An improvement on the 
air blast resulted from the application of an air blast 
enriched with oxygen which, impinging on the edges 
of the skelp, raises the surface temperature and acts 
more effectively in maintaining the skelp edges to be 
butted together at the proper welding heat. This process 
is still used in many plants. A further application of this 
same principle consists in applying an oxy-acetylene jet 
to the skelp edges, and this method of local heating has 
two distinct advantages. In the first place, the tempera- 
ture of the skelp edge can be better controlled by the 
adjustment of the oxy-acetylene flame, making it pos- 
sible to maintain a definite welding temperature which 
will produce a uniform and superior weld. The second 
advantage of the oxy-acetylene gas flame is that it may 
be made reducing and thus decrease the formation of 
an oxide film on the skelp edges Just prior to welding. 


While the control of all these adjuncts must be very 
precise, equipment and adjustments have been gradually 
developed, which have led to improvement in the quality 
of weld made. In fact, pipe now being made with the 
oxy-acetylene gas-welding practice has produced welds 
which may be justly placed in the fusion class, enabling 
the use of welded pipe in applications to which the 
ordinary furnace-welded pipe is not adaptable. 

The Hot Finishing of Pipe — The Sizing Rolls — ^When 
the pipe has been drawn through the welding die, the 
tongs are removed, and the pipe at once moves down a 
slightly -inclined table in front of the sizing rolls. These 
are electrically driven horizontal rolls of cast alloy iron, 
18 inches to 24 inches in diameter, depending upon the 
size of the pipe to be made. They are grooved to form a 
perfect round, when properly adjusted. The rolls con- 
tain usually but a single groove, hence are very short 
and are supported in a single two-high housing. In pass- 
ing through these rolls the pipe, which was purposely 
drawn slightly oversize, is compressed and elongated to 
an exact uniform outside diameter, and the weld is also 
improved to some extent thereby. 

The Stretch -Reducing Mill — As the name implies, this 
mill is used for reducing the diameter of and simultane- 
ously applying tension to the tube being produced. By 
this method and without the use of supporting mandrels, 
the wall thickness of a tube can be maintained or even 
decreased while the diameter is being reduced. The 
finished tube is considerably lengthened by this process;. 
It can be used in the manufacture of both welded and 
seamless tubes. 

The mill (Figure 41 — 5) consists of a series of pairs 
of rolls, mounted in housings which are spaced as close 
to one another as design considerations will permit. Each 
consecutive pair of rolls is driven at a speed in excess 
of that required to deliver an equal volume of metal per 
unit of time from each roll stand. Tension is thereby 
developed in the tube between stands, which permits 
larger diameter reductions than can be obtained with- 
out tension and, under certain conditions, a reduction 
of wall thickness. The close spacing of the housings is 
necessary to minimize the so-called ‘*end-effect” or 
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Fig. 41—5. Stretch-reducing mill. 


thickening of the wall at both ends of the pipe, where 
no tension can be applied. 

The proper speed relationships are obtained either by 
selecting suitable change gears on mills driven by one 
motor or by adjusting the motor speeds on mills having 
individually driven housings. 

The number of pairs of rolls used ranges from eight to 
sixteen, varying with the design and purpose of the mill. 

Straightening Rolls— From the stretch-reducing mill, 
the pipe is transferred over a cooling table and allowed 
to drop into a rack. In the case of double-length furnaces, 
the pipe is middle-cut by a hot-saw while on the cooling 
table, before dropping into the racks. After being 
quenched in a water bosh to complete the cooling, the 


pipe is then transferred to the straightening machines 
Two types of straightening machines are used. One 
type, known as “cross -rolls,” consists of two electrically 
driven rolls, from two to four feet long and from ten to 
twenty inches in diameter, depending upon the size of 
the pipe to be straightened, set with their axes askew 
so that they cross each other to form an angle of about 
30 ®, their center points being directly opposite each 
other. The body of these rolls is machined with a concave 
surface so that a pipe lying between them will be in 
contact with the rolls for their entire length. The end 
of a pipe that is to be straightened is inserted between 
the rapidly-revolving rolls which move it forward be- 
tween the rolls, as it rotates, due to the axes of the rolls 



Fig. 41—6. Pipe passing to 
cooling bed. This bed is 
designed to cause the 
pipe to cool practically 
straight. 
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•«* plan of the layout of a typical continuous butt-weld pipe mill. Details of the imcoiling box are shown schematically in Figure 41 — 8. Fij 

It in o performed in the operation of the flash welder. The furnace threading machine is shown schematically in Fij 

41—10. Section D-D of the heating furnace is given in Figure 41—11. Operation of various parts of the forming and welding mill is explained in Figure 41—11 
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Fig. 41 — 8. Schematic elevation of coiled-skelp handling equipment at the entry end of a continuous butt-weld pipe mill. 


being askew. When the straightened pipe emerges from 
the straightener, it moves forward a short distance and 
is discharged laterally into a cradle or rack. From the 
cradle, the pipe is transferred by an overhead crane to 
the finishing equipment. The other type of straightening 
machine, known as the “rotary” straightener will be dis- 
cussed under the seamless process. 

BUTT-WELD PROCESS (CONTINUOUS) 

The continuous butt-weld mill is a true continuous 
process starting with the coiled skelp and ending with 
finished pipe. Figure 41 — 7 shows an arrangement which 
is typical of many of the continuous butt- weld mills in 
use today. 

Production of Skelp — Skelp for the continuous butt- 
weld process may be produced in the same manner as 
skelp for the conventional butt-weld process described 
previously. However, instead of shearing the strip into 
twenty-one and forty-foot lengths, only the leading and 
trailing ends of each strip are trimmed square and the 
skelp is coiled on vertical -type reels. 

Uncoiling the Skelp — Coiled skelp is loaded onto the 
uncoiler feed table and advanced by the coil pusher to 
the uncoiler (Figure 41 — 8). The end of the coil is fed 
into a pinch roll which is leleased after the skelp enters 
the roller leveler. The function of the roller leveler is 
to straighten or flatten the skelp for further processing. 
A typical roller leveler consists of two entering pinch 
rolls and five to nine leveling rolls. As the trailing end 
of one skelp coil is reached, the leading end of the next 
coil is being made ready for welding to form a con- 
tinuous strip. Before the welding can be undertaken, 
both ends of the skelp must be trimmed square and true. 
If this has not been done at the skelp mill, or if the ends 
have become damaged, they are cut on an upeut shear 
which is provided ahead of the end welder (Figure 
41 — 7). The shear is provided with incoming and out- 
going guides to align the skelp properly for cutting. 
When the ends have been properly prepared, they are 
advanced through the end welder. 

Welding Unit for Joining Ends of Coils — ^The leading 
end of the coil is fed into the flash welder where it is 
welded to the trailing end of the preceding coil to de- 
liver an endless piece of skelp to the mills. The welding 
unit consists of a flash welder, stripper, pulling and 
gripping mechanism, side trimmers, skelp-centering de- 
vice and side guides. The welding cycle for a typical 
end welder is shown in Figure 41 — 9. During the welding 
cycle, the ends of the skelp are, of course, held stationary. 

“Looping” the Skelp— Upon completion of the welding 
cycle, the skelp is guided to the floor (on its edge) and 
form^ into a large skelp loop. This loop provides suffi- 
cient skelp storage to assure continuoiis operation of 
the mill while the uncoiling unit is stopped and the front 
end and trailing end of the two coils are welded to- 


gether. Four magnetic-roll units are provided to assist 
the leveler in feeding the skelp into the storage loop. 

Furnace “Threading”— Vertical pinch rolls located 
near the end of the loop pull the skelp out of the storage 
loop and feed it into the furnace. The speed of the pinch 
roll is varied by an automatic loop control located on the 
back loop approximately 70 feet from the furnace. The 
skelp, which has been traveling on edge, again assumes 
a horizontal position and is fed up an inclined roller 
ramp to the furnace. The furnace threading machine 
(Figure 41—10) has driven pinch rolls, one convex and 
one concave, to give the skelp a dished shape to provide 
sufficient stiffness to permit it to be pushed through the 
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Fig. 41 — 11. Cros.<;-sectional diagram showing design of a 
furnace used on a continuous butt- weld pipe mill for 
heating the edges of the skelp prior to welding. (This 
sketch corresponds to Section D-D of Figure 41 — 7.) 


Fig. 41—10. Schematic elevation of a furnace threading 
machine. 
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Fig. 41-^12. Diagram depicting schematically the operations performed in a continuous forming and welding mill. 
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furnace during the furnace-threading operation. As soon 
as the skelp is entirely through the furnace and is being 
pulled by the forming and welding unit, the threading 
rolls are opened up and become inoperative until the 
mill must again be threaded. 

The Butt-Welding Furnaces — The furnaces used on 
the continuous weld mills are long and narrow and 
usually have several firing zones, individually con- 
trolled. The furnaces may be gas- or oil-fired by burners 
set in the side walls and firing directly at the edges of 
the skelp passing through the furnace as shown in 
Figure 41 — 11. The skelp is supported on water-cooled 
skid bars. To secure a high production rate and good 
fuel economy, the furnaces usually are equipped with 
metallic recuperators which heat the combustion air 
to about 1000 ® F. The furnace must have sufficient length 
to heat the skelp passing through it to a temperature of 
approximately 2450 ® F. A blower usually is provided to 
furnish a blast of air on the edges of the skelp as it 
leaves the furnace. This raises the temperature of the 
edges to approximately 2600 “ F for welding. 

Forming, Welding and Reducing Mills — Upon leaving 
the furnace, the skelp passes through the forming rolls 
which are designed to bend the skelp into an open -sided 
oval with the opening downward (Figure 41—12). An 
air- or water-cooled welding horn, which is located 
directly below the bent skelp and ahead of the welding 
stand, guides the skelp edges. A nozzle applies a jet of 
air, or of air-oxygen mixture, onto the skelp edges at 
this point to maintain welding temperature. The air blast 
also helps in freeing the edges from scale. 

The hot skelp then passes through the second or weld- 
ing stand, where the edges of the skelp are squeezed 
together to form the weld. A reduction of 4 to 6 per cent 
produces a satisfactory weld. The pipe passes directly 
from the welding rolls to a series of reducing passes 
where the diameter of the pipe is further reduced. The 
forming, welding and reducing stands, with individual 


motor drives for each stand, consist of alternate vertical 
and horizontal passes. 

Stretch reducing also is employed in the continuous 
weld mills. This principle was discussed previously 
under the butt-weld process. 

Hot Sawing and Preliminary Cooling — A rotary-typo 
flying hot saw is used for cutting the sized pipe to length. 
The saw is of the continuous running type with the 
length of cuts determined by the length and r.p.m. of the 
crank. The saws will cut lengths from 18 to 54 feet at 
maximum mill delivery speeds. Individually motor- 
driven roller conveyors which operate at greater than 
the mill delivery speeds are provided after each saw to 
carry the pipe away from the saws to cooling beds. 
Screw-type kickouts are provided to discharge pipe from 
the saw delivery conveyor to the screw-type cooling 
beds where the temperature is lowered enough to permit 
descaling and further sizing. 

Sizing, Cooling and Inspecting — In a typical mill (Fig- 
ure 41 — 7), the pipe passes from the first cooling rack 
onto a conveyor that carries it to the sizing machine. 
The sizing machine, which consists of three roll stands, 
performs, as its name implies, the final si 2 dng operation. 

The pipe is then taken to a second and much larger 
cooling rack where its temperature is lowered so that 
the pipe may be inspected and straightened. If the pipe 
has been cut to multiple lengths at the flying saw, a 
parting saw, usually located at the second cooling bed, 
cuts the pipe to standard lengths. One or more crop saws 
also located at the cooling bed may be utilized if re- 
quired. A water bosh sometimes is incorporated in the 
cooling bed to provide adequate cooling capacity with- 
out excessively long cooling beds. 

After being inspected, the pipe is taken to the finishing 
department where it is faced, threaded, tested, coated, 
bundled, or stenciled, as required. Pipe to be galvanized 
is straightened and usually faced prior to being galva- 
nized. 


SECTION 3 

ELECTRIC-RESISTANCE-WELDED TUBING 


Small-diameter tubing of light wall thickness, pri- 
marily for mechanical and structural purposes, is some- 
times fabricated from strip which is formed into shape 
and welded electrically. Rimmed or killed steel may be 
used and such tubing is furnished either cold rolled or 
hot rolled, pickled and oiled according to the desired 
product. 

Steps in the Manufacture of Elcctric-Rcsistance- 
Welded Tubing— The sequence of operations required in 
the fabrication of electric-resistance -welded tubing are 
slitting the strip, forming, welding, sizing, cutting and 
finishing. 

Slitting — Strip is received at the pipe mills in coils 36 
inches wide weighing up to 14,000 lbs. This wide strip 
must be slit into the correct width required to form the 
finished tube size. 

The wide coils are loaded onto a ramp from which 
they are permitted to roll, as required, onto a charging 
buggy which moves the coils to the pay-off reel of the 
slitting machine. The buggy is provided with an elevator 
by wldch it is possible to center the coil on the mandrel 
of the reel which is then expanded and the retaining 
bands on the coil removed. The reel, which is motor 
driven, is rotated to slowly unwind the strip which is 
threaded into a set of tiiree breaker rolls which flatten 
it sufficiently to facilitate threading through pinch rolls 
into ^ slitter knives. These knives, which are tool- 


steel discs, arc mounted on arbors above and below the 
strip and are spaced with rings to slit to the desired 
width. From the slitter the strips pass to the recoiler 
where they are wound between thin, steel disc spacers. 
The narrow strips of scrap from the edges of the wide 
strip pass over the recoiler onto the scrap winder. 

After the strip has been threaded completely through 
the line, the recoiler and slitter motors are adjusted to 
pull it through the slitter knives with any desired ten- 
sion. The slitter, recoiler, scrap winder, breaker rolls 
and pay-off reel are each driven by separate motors. 
However, the pay-off reel and breaker rolls are not syn- 
chronized with the others as they are used only when 
threading the strip. 

When the entire coil has been slit and wound on the 
recoiler mandrel, steel bands are placed around each 
of the narrow coils. An unloading buggy is elevated 
under the coils which, after the mandrel is collapsed, 
are pushed off hydraulically onto the buggy. The coils 
are then banded, weighed and are ready for the tube- 
welding machine. 

Forming— Although the range of sizes handled by each 
mill is limited, the process of forming and welding the 
tubing in the several mills is identical except for the 
number of rolls and the power required. 

Coils from the slitting line are fed either directly into 
forming rolls or into a *looper*’ to permit continuous 
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Fic. 41”-13. Schematic representation of 
the sequence of operations performed 
by a t 3 rpical machine for making 
electric-resistance- welded tubes from 
steel strip. 
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forming of strip welded end-to-end in the smaller sizes. 
The strip first passes through an edge conditioner where 
the edges are shaved by cutting tools to present a smooth, 
clean surface for welding. The strip then passes through 
a series of from six to nine pairs of horizontal and three 
or four pairs of vertical forming rolls (Figure 41—13). 
The first five pairs of horizontal rolls are driven from a 
line shaft. The other rolls are not driven. The lower 
rolls are on fixed centers and the upper rolls, driven 
through link gearing, are adjustable so that the strip, 
first shaped into a shallow “U,” is progressively made 
deeper. Finally, the sides are bent in and the strip 
formed into a circular shape as it leaves the last stand 


of rolls. In forming wider strip, which is not looped, 
additional stands of rolls are used and a pair of pinch 
rolls provided to assist in feeding the first end of the 
strip into the mill. 

Welding the Tube — ^The open tube passes directly from 
the forming rolls to the welding electrodes (Figure 
41 — 14) where the seam is welded by the electric- 
resistance method. These electrodes are copper discs 
mounted on a revolving transformer so that one disc, or 
electrode, is on each side of the opening to be welded. 
The tube is guided under the electrode and pressure 
maintained at the weld by vertical rolls. 

The welded tubes then pass under a cutting tool which 



Fig. 41—14. Tube passing under welding electrodes. 
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removes the outside flash which resulted from the pres- 
sure during welding. After removing the flash, the tube 
is cooled by passing through a spray of soluble oil. 

Sizing the Welded Tube — The sizing mill consists of 
four pairs of driven horizontal rolls and four pairs of idle 
vertical rolls all of which are mounted in the same man- 
ner as the forming rolls and are made of tool steeL Sizing 
is performed cold. 

Finishing — The outside flash from thd welding opera- 
tion is removed by a cutting blade as was described 
tmder welding the tube. To remove the inside flash or 
burr on sizes over V/a inches, a roller-type mandrel can 
be placed in the tube a short distance from the welding 
electrode. To perform this operation an additional roll 
stand is required to support the outside of the tube. 
When the burr must be removed from tubes IV 4 inches 


in diameter or smaller, the operation is performed by an 
air hammer located in the middle of the sizing mill. 
Hammering is done on the seam with a solid mandrel 
on the inside of the tube which is also supported under- 
neath by a grooved die. 

After the tube leaves the sizing mill it is cut to deter- 
mined lengths by a rotary-head cut-off machine which 
travels with the tube during the cut. Either disc cutters 
or parting tools may be used. 

The cut tubes are then transferred to the finishing 
floor where they are straightened in rotary straighteners. 
The tube is then cropped or cut to length by rotary-head 
cut-off machines and processed through a battery of 
profilers which face the ends and chamfer the OD. and 
I.D. after which they are inspected and packed for ship- 
ment. 


SECTION 4 

ELECTRIC-WELDED LARGE-DIAMETER PIPE 


Applications of the Process — Large-diameter pipe in 
sizes beyond the practical limits of the seamless process 
is fabricated by electric welding. This type of pipe, which 
is employed for water lines, gas mains, oil lines, tanks, 
pressure vessels, etc., may be made from rolled -steel 
plate of any weldable quality. The size of the pipe which 
can be made by this process is practically unlimited, 
since, when the circumference of the desired pipe ex- 
ceeds the plate width capacity of the rolling mill, two 
or more plates may be welded together longitudinally to 
provide the necessary width or, if only a short length 
is desired, the plate may be bent lengthwise, permitting 
it to be formed with only one longitudinal weld. Where 
long-length, large-diameter pipe is required, the desired 
length may be made by welding together two or more 
pieces circumferentially. 

Steps in the Manufacture of Electric-Welded Pipe — 
The sequence of operations required to make plates into 
pipe by the electric-weld process as practiced by Na- 
tional Tube Division are shearing, planing, crimping, 
bending, welding, expanding and finishing. 

Shearing and Planing — Plates employed in the manu- 
facture of electric-welded pipe are rolled on either a 
plate or strip mill as described elsewhere in this book. 
The plate is transferred to the edge-planing machine 
where it is aligned so that the two edges will be parallel 
and square with the ends after planing. A clamping bar, 
hydraulically operated, holds the plate during the edging 
operation. Along the full length of both sides of the 
table, lead screws drive carriages carrying a series of 
cutting tools which trim the edges of the plate. 

The series of cutting tools are arranged so that no 
single tool will be required to remove more than a 
reasonable amount of stock from the rough edges of the 
rolled or sheared plate. 

Crimping— Forming plate into the circular shape re- 
quired for pipe is usually performed in three operations. 
The first operation, called crimping, consists of bending 
the edges of the plate so as to avoid a Hat surface near 
the longitudinal seam of the pipe. 

Crimping may be performed in a large crimping press 
which deforms the edges of the plate for a distance of 
approximately 6 inches in a hydraulically operated press. 
Crimping may also be performed by crimping rolls 
which roll the edges to the desired radius as the plate 
is drawn through the roll pass. 

Bending— The crimped plate is then conveyed to what 
is called the **U”-ing machine. In this operation, the 
plate is centered over a series of parallel rocker-type 


dies which lie along the axis of the plate. A large “U”- 
shaped die, which is as long as the longest length of 
plate fabricated and which is operated by a 2000-ton 
press, is moved down on the plate, forcing it between 
the dies which automatically conform themselves to the 
operation and assist in forming the plate into the “U” 
shape. The plate is then transferred to what is called 
the *‘0”-ing machine. This machine consists of two 
semi-circular dies which are as long as the plate to be 
formed. Rollers mounted on vertical spindles prevent 
the ‘*U”-shaped plate from falling and keep it in correct 
alignment as it enters the ‘*0’*-ing machine. The “U'*- 
shaped plate rests in the bottom die, and the top die, 
operated by an 18,000-ton hydraulic press, is forced 
down, deforming the plate until it is the shape of an 
almost closed circle which is then ready for welding. 

Welding — Welding may be performed by any one of 
the numerous methods. However, the most common is 
the submerged -arc method. In this method, coalescence 
is produced by heating with an electric arc or arcs be- 
tween bare-metal electrode or electrodes and the work. 
The welding is shielded by a blanket of granular, fusible 
material or flux on the work. Pressure is not used and 
filler metal is obtained from the electrode and sometimes 
from a supplementary welding rod. 

It is extremely important that the gap in the formed 
pipe be properly positioned for welding. Two steel arch- 
ways supporting a longitudinal guide are located over 
the conveyor approaching the welding machine. As the 
pipe moves over the conveyor, the guide enters and con- 
tinues along the gap, guiding it into the welding machine. 

The welding operation is started by striking an arc 
beneath the flux on the work. The heat produced melts 
the surrounding flux so that it forms a sub-surface con- 
ductive pool which is kept fluid by the continuous flow 
of current. The end of the electrode and the work piece 
directly under it become molten and molten filler metal 
is deposited from the metal electrode onto the work. The 
molten filler metal displaces the flux and forms the weld. 

The specially designed welding heads used for this 
process perform the triple function of progressively de- 
positing the flux along the joint, feeding the electrode, 
and transmitting welding current to the electrodes. The 
flux is supplied from a hopper connected to the head 
by tubing. The bare electrode is fed into the welding 
head from a coil moimted on a reel. 

After the pipe is welded on the outside, the weld is 
inspected and conditioned on the ends when required. 
At this time, square pieces of metal are welded to the 
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Fig. 41~"17. Expanding a 
40-ft. length of 30-inch 
O.D. pipe in the hydrau- 
lic expanding machine. 


pipe at the ends of the weld to enable the inside-welding 
machine to start at the end of the pipe. 

The automatic machine which does the internal weld- 
ing is similar in design to the outside welder, and is 
mounted on the end of a long cantilever arm and the 
pipe is drawn over this arm by a carriage. 

After welding, the scaly deposit left from the flux must 
be cleaned out. This is accomplished by running the pipe 
over a series of rollers and, at the same time allowing the 
entry of a cantilevered tube which is attached to a 
vacuum system. The weld is then carefully inspected 
and any defects corrected with manual welding equip- 
ment. 

Sizing or Expanding — ^The final pipe diameter is ob- 
tained by hydraulically expanding the welded shell 
against a retaining jacket. The pipe is placed in an ex- 


panding machine and mandrels forced into each end 
expanding the pipe to the required diameter at the ends 
only. Retainer jackets then encircle the body of the pipe 
which is filled with water and expanded with hydraulic 
pressure to the limits of the jackets. The pressure is 
then reduced and serves as a hydrostatic test. In addi- 
tion to obtaining close diameter control, this method 
cold works the metal, obtaining higher mechanical prop- 
erties, and is a good test of the weld. 

Finishing — Following the rounding-up or expansion 
operation, the pipe is placed in special machines which 
face the ends. This operation insures that the ends will 
be smooth and accurately within a plane at right angles 
to the longitudinal axis of the pipe. If the pipe is being 
prepared for welded joints, the ends are beveled in this 
operation. 


SECTION 5 

SEAMLESS STEEL TUBULAR PRODUCTS 


Historical — ^Although the modem developments for 
manufacturing seamless or weldless steel tubes did not 
begin until about 1890, they are, nevertheless, the result 
of nearly a century of experimentation. As mentioned in 
the introduction to this chapter, the first attempts to 
make seamless tubes of steel that were commercially 
successful involved the two basic processes known as 
cupping and piercing. In the cupping process, which was 
first used about 1845, a circular sheet or plate was forced 
by successive operations through several pairs of conical 
dies, each pair being deeper and more nearly cylindrical 
than the previous one, until the plate took the form of 
a tube, or cylinder with one end closed. This method 
is still in use for certain sizes. In the piercing process, a 
round hole was first made along the central axis of a 
round billet which was then rolled and drawn over 
mandrels to form a tube. The mill for lengthening such 
hollow billets was first patented in England by Churdi 
and Harlon about 1841. The rolling mill and the draw 


bench afforded simple and comparatively cheap methods 
of elongating the hollow billet, but the development of 
a method for piercing it proved a difficult matter. The 
oldest and simplest method was to heat the billet to a 
high forging temperature and hydraulically force a 
punch through its center while in this hot state. As it 
was essential that the hole be exactly concentric with 
the billet throughout its entire length, a feat that is hard 
to accomplish with a billet more than a foot or so in 
length, recourse was had to drilling a small hole in the 
cold billet, then heating the billet and enlarging the hole 
by piercing in a press. About 1888 a patent was granted 
for a process whereby a small ingot was cast about a 
core of refractory material, which hollow ingot was to 
be treated as described for hollow billets. 

In the decade preceding the twentieth centtiry, the 
bicycle became a very popular vehicle, and the growth 
of ^e bicycle industry created a demand for hi^-class 
seamless tubes in very large quantities. The early 
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methods of seamless tube manufacture were slow and 
tedious, and orders aggregating millions of feet of tubing 
for bicycle construction could not be filled. In 1895 the 
first American seamless tube plant, using rotary piercing, 
was constructed in Ellwood City, Pennsylvania, and 
operated successfully for many years in the manufacture 
of bicycle tubing. The equipment at this plant consisted 
of a Stiefel disc piercer, a Pilger rolling mill, and cold- 
drawing benches on which the tubes were finished. 

After 1900 the automotive industry began to grow and 
had a remarkable influence on the seamless tube in- 
dustry. In the first place, the popularity of the auto- 
mobile soon caused a great decrease in the manufacture 
of bicycles, with a consequent loss of seamless tube 
business. On the other hand, the great increase in the 
use of automobiles created an immense demand for 
motor fuels and lubricants, which greatly stimulated 
expansion in the oil industry and thus developed a new 
and enormous market for seamless tubes. In the transi- 
tion period, the seamless tube manufacturer turned to 
the boiler industry, and the next step in the development 
of the seamless process related to the production of all 
forms of stationary and locomotive boiler tubes. The 
seamless tube soon displaced the wrought-iron and lap- 
welded steel tubes which had previously been standard 
in boilers. 

After World War I the discovery of enormous oil pools 
with flush production created a demand for pix)e to be 
used in the wells and in the transmission lines. The later 
discovery, after 1920, of huge natural-gas reservoirs in 
remote districts, from which the gas could be transported 
to consuming markets only in steel pipe lines, sometimes 
over 1,000 miles long, resulted in another large market 
for seamless pipe. Some idea of the size of the oil and 
gas industry in the United States may be gained from 
the fact that there are over 500,000 producing oil wells 
and over 550,000 miles of pipe lines in existence. 

The seamless tube mills prior to 1920 were scarcely 
able to make pipe over 6 inches in diameter and longer 
than 25 feet. In 1925 National Tube Division developed 
the so-called double-piercing process, which consisted 
of piercing a heavy-walled shell and then expanding 
this in a second piercing operation to a larger diameter 
tube with a lighter wall. This development made possible 
the production of tubes up to 16 inches in diameter. The 
Pilger process had also reached a production stage at 
this time, but a thorough study of this method caused 
its rejection for American manufacturing conditions be- 
cause of the low production per man-hour. Further 
study of the double piercing and expanding process later 
led to the rotary-rolling process, by which it is now pos- 
sible to produce seamless tubes up to 26 inches in diame- 
ter and in lengths exceeding 40 feet. 

Scope and Requirements of Seamless Tube Products — 
The expansion of the seamless tube industry described 
above was also greatly influenced by the adaptation of 
the piercing process to the many different types of steels 
which were developed during this period. Steels melted 
by many processes can now be successfully converted 
into seamless tubes. In general, killed open-hearth and 
electric-furnace steels are used. However, improvements 
in the technique of Bessemer-steel manufacture have 
resulted in the production of large quantities of de- 
oxidized acid-Bessemer steel which is converted into 
seamless tubes with excellent results. 

Because of the severity of the forging operation in- 
volved in piercing, the steeb used for seamless tubes 
niust have good characterbtics with respect to both sur- 
face and internal soundness. A study of the character 
of the steel as revealed by deep-etching the cross-section 
tends to show that a sound, dense cross-section, free 


from center porosity or ingot pattern, is the most satb- 
factory for seamless tubes. For thb reason steeb of the 
thoroughly killed types are to be preferred to strongly 
rimming steeb or semi-killed steeb. Although rimming 
steels and semi-killed steels have been successfully con- 
verted into seamless tubes, the results are not always 
uniform, either because of a poor inside surface, due to 
internal porosity, or because of high losses from external 
seams, caused by surface defects. Metallurgical develop- 
ments since 1920 have contributed greatly to the im- 
provement of steels for seamless tubes and are discussed 
in detail in another section. 

As a result, the seamless process has been extended to 
include practically all of the regular and alloy grades of 
.steel. At the present time all of tlie ordinary carbon 
steels, even those containing as much as IV 2 per cent of 
carbon, are processed in commercial quantities. Many of 
the high-sulphur steeb developed for machining are also 
manufactured into seamless tubing. 

All of the intermediate alloy steels, such as those listed 
in the specifleations of the American Iron and Steel In- 
stitute and the Society of Automotive Engineers, are 
available in tubing. As a consequence the application of 
seamless tubing to automotive parts has been extended 
until there is now between 150 and 200 lbs. of tubing in 
each car manufactured. The alloy steels used by the ball 
and roller-bearing industry are now available in seam- 
less tubing. This tubing is made from steel of special 
cleanliness. 

In the last twenty years, numerous steeb of special 
composition for heat and corrosion resistance have been 
developed. Seamless tubes are now satisfactorily made 
from material of most of these steels. These include the 
chromium steeb containing from 1 to 30 per cent chro- 
mium and numerous other alloyed steeb containing 
chromium with additions of such elements as molybde- 
num, nickel, manganese, columbium (niobium) , silicon, 
and titanium. In general, it can be stated that all of the 
alloys which are ferritic or pearlitic in structure are sat- 
isfactory for piercing. The alloy steels which are gen- 
erally of the austenitic type can be successfully pierced 
if the austenite remains stable at forging temperatures. 
A few of the austenitic steeb which have a considerable 
proportion of ferrite at forging temperatures have not, as 
yet, been satisfactorily pierced. For example, an alloy 
such as the 25 per cent chromium — 10 per cent nickel, 
which is partially ferritic, will not pierce, whereas an 
alloy with 25 per cent chromium and 20 per cent nickel 
can be pierced satisfactorily. 

Seamless pipe of numerous special properties has been 
developed to meet the needs of the oil industry. In thb 
field the pipe employed for rotary drilling must possess 
great torsional strength and high resistance to fatigue 
stresses. An idea of the stresses to which the pipe is ex- 
posed in drilling service may be gained from the realiza- 
tion that the power for the rotation of the drill bit on the 
lower end of the pipe is applied at the upper extremity, 
which, in some cases, is more than three miles dbtant. 
The string of drill pipe itself may weigh up to 370,000 lb., 
and when rotating at 200 r.p.m. or more, only material of 
the highest strength and toughness will perform satisfac- 
torily. Drill pipe is usually made with heavy upset ends, 
and the full lengths of pipe are normalized on the com- 
pletion of the forging operations. 

The casing for such deep oil welb requires seamless 
pipe having a high resistance to collapse to withstand the 
high external pressures which exbt. Casing has been set 
to depths of nearly 20,000 ft. under very high hydrostatic 
heads. Other ebs^es of seamless pipe and ^ecialty tub- 
ing made for the oil industry include oil-well ^bing, 
pump tubing, and line pipe. 
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pressure steam industries has also demanded special 
seamless pipe. Satisfactory alloy-steel tubing and pipe 
are made to withstand temperatures up to 1200 “ F coin- 
cident with pressures as high as 3000 lbs. These indus- 
tries also use high-pressure pipe lines at temperatures 
as low as — 150 ® F, and steel pipe which is tough and 
strong at these low temperatures is now produced in 
considerable quantities. 

Steclmaking Practices — ^As indicated previously, the 
steel for seamless tubes must be made with special forg- 
ing properties. The major portion of the tonnage used 
consists of straight carbon steels, ranging from 0.05 per 
cent to 0.50 per cent carbon and 0.35 per cent to 1.50 per 
cent manganese. These grades are made in standard, 
stationary open-hearth furnaces and special tilting 
open-hearth furnaces employing the duplex melting 
process. Many of the special alloy steels are necessarily 
melted in basic electric furnaces to obtain the particular 
metallurgical requirements which are often specified. 
The open-hearth furnaces tap between 150 and 180 net 
tons and are of the mixed-fuel type, burning tar or oil 
and coke-oven or natural gas. 

The stationary open-hearth furnaces making these 
steels at National Tube Division operate on approxi- 
mately a 40-per cent cold-scrap, 60-per cent hot-metal 
(basic iron) charge, while the tilting furnaces are 
charged with a mixture of blown metal from the Bes- 
semer converter and the requisite amount of molten pig 
iron with varying additions of cold steel scrap, depend- 
ing upon the conditions at the plant. Regardless of the 
initial charge in either the stationary open-hearth or the 
duplex melting furnace, the slags employed and the final 
working and refining periods in the two types of furnace 
are identical. 

As stated previously, seamless tubes are also produced 
from deoxidized Bessemer steel. This is an acid- 
Bessemer steel which has been treated in the vessel to 
remove a considerable portion of the dissolved oxygen 
as a gas and further treated in the ladle to develop a 
silicon content of 0.10 to 0.30 per cent. Deoxidized Besse- 
mer may also be produced by treatment in the ladle 
with sufficient aluminum or its equivalent to insure 
practically no evolution of gases during solidification. 
Deoxidized acid-Bessemer steel is a killed steel with a 
homogeneous ingot structure as compared to the con- 
ventional rimmed or capped Bessemer steels. The im- 
portance of having good forging properties can best be 
realized by the fact that previous to the development of 
deoxidized Bessemer steel, it was commercially im- 
practical to produce seamless pipe, by the piercing 
process, from Bessemer steels. 

Deoxidized acid-Bessemer steel has a high ratio of 
yield strength to tensile strength. Its machining and 
welding properties are similar to open-hearth steels of 
equivalent mechanical properties. The combination of 
high yield strength and good ductility makes it pecul- 
iarly suited for seamless tubular products. Over a period 
of years, a considerable amount of experience has been 
gained by the National Tube Division in applying de- 
oxidized acid-Bessemer steel to many types of seamless 
tubular products. 

Since the surface quality of the steel for seamless tub- 
ing is of the utmost importance, molds are thoroughly 
cleaned, hot dipped, and coated on the inside surface 
with pitch or o^er carbonaceous material before the 
steel is teemed. The ingots used are of corrugated con- 
tour and range in weight from 10,000 to 22,500 lb. Various 
forms of hot tops are used for special requirements. 

RoUIng Mills — ^The rolling mills consist of blooming 
mills and bar mills. The practice employed at the rolling 


ducing seamless pipe has a definite influence on the 
quality of the finished product. The time elapsing be- 
tween pouring of the ingots and charging in the soaking 
pits, the time in the soaking pits, and the heating of the 
ingots at carefully regulated temperatures for the vari- 
ous grades of steel are some of the factors which receive 
close attention and are made a matter of supervision by 
the metallurgical departments. The use of rolls without 
ragging and the practice of rotating the ingot through 90 
degrees after two drafts in collared passes have proved 
advantageous in eliminating mechanical surface defects. 

The uniformly heated ingots, varying in size from 
231^-inch by 26'/^-inch to 32-inch by 32-inch depending 
on the bloom size and billet requirement, are rolled in 
40-mch two-high reversing mills according to definite 
schedules of light drafts in the initial passes and uniform 
reductions in succeeding passes. When the ingot has 
been reduced to the required bloom section, it is sheared 
for the top and bottom discard, the extent of the discard 
being regulated by the type of steel, the character of the 
heat, and the appearance of the blooms produced. 

The major portion of the blooming-mill product is 
delivered direct after shearing and without reheating 
to two-high reversing bar mills which are located in 
tandem with the blooming mill. The bar mills arc pro- 
vided with a number of extra housing sets, which per- 
mits a roll change to be made in less than 10 minute.s 
Rounds 4% inches to 13 inches in diameter are thus 
rolled direct from ingots. Smaller-sized rounds arc pro- 
duced by the reheating of small blooms and rolling on 
additional bar mills. 

The bar-mill rounds arc hot-sawed to length and cen- 
tered for the seamless mills. Seamless -tube rounds must 
be rolled to an accurate diameter and cut to accurate 
lengths, as each round produces a given length of pipe 
and accurate round weights are necessary. All rounds 
are hot-stamped for identification and racked in cradles 
for the various tube orders. 

The solid rounds used for making seamless tubes must 
undergo a thorough surface-conditioning operation. It 
is now general practice to peel all rounds 4% inches and 
larger, and then by chipping or by scarfing with an oxy- 
acelylene torch to remove any remaining seams or other 
defects evident to the inspectors. Rounds smaller than 
4% inches in diameter are converted from small blooms 
from which the surface defects have been removed by 
chipping or scarfing. The most careful attention to the 
thorough removal of surface defects is necessary to 
eliminate seams and other pipe-mill losses. 

Sequence of Operations — The sequence of operations 
in seamless-pipe mills varies slightly from mill to mill. 
At the Lorain Works of National Tube Division it fol- 
lows three general patterns determined by the size of 
the pipe to be produced. The round billets are first uni- 
formly heated to piercing temperature in special gas- or 
liquid- fuel-fired furnaces. They are then processed 
through the various operations in the following order, 
depending upon the diameter of tube to be produced: 

Pipe Size — ^2-inch to 4% -inch diameter 
Piercing Mill 
Plug Rolling Mill 
Reeling Machine 
Reheating Furnace 
Sizing Machine 

Pipe Size — 3% -inch to 16-inch diameter 
First Piercing Mill 
Second Piercing Mill 
(Continued on Next Page) 
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(Continued from preceding page) 

Reheating Furnace 
Plug Rolling Mill 
Reeling Machine 
Sizing Machine 

Pipe Size — 14-inch to 26- inch diameter 
First Piercing Mill 
Second Piercing Mill 
Reheating Furnace 
Plug Rolling Mill 
Reheating Furnace 
Rotary Rolling Mill 
Reeling Machine 
Reheating Furnace 
Sizing Mill 

The operation of each of the above units will be de- 
scribed in detail in the remainder of this section. In the 
overlapping sizes of the range 314-inch to 4V2-inch 
diameter, the heavier-wall pipe is processed through 
only one piercing operation whereas the two piercing 
mills are employed in producing the light walls. Also, 
in the overlapping sizes of the range 14-inch to 16-inch 
diameter, the lighter-wall pipe is rotary rolled, the 
heavier-wall pipe by-passing the second reheating oper- 
ation and the rotary-rolling mill. 

The Mannesman!! Machine for piercing round billets 
for making seamless tubes was patented in 1885. In this 
machine, the principle of helical rolling is employed. 
The two steel rolls, which bring into play the forces used 
to produce the cavity in the work piece, are positioned 
side by side and have their axes inclined at opposite 
angles 6 degrees to 12 degrees with the horizontal center- 


741 

line of the mill. These rolls measure from 20 inches to 
30 inches in length and from 32 inches to 48 inches in 
diameter. The roll surfaces are contoured so that, in the 
horizontal plane through the centerline of the pass, the 
space between the rolls converges toward the delivery 
side for a length of from 5 inches to 15 inches to a mini- 
mum, called the gorge, and then diverges to form the 
pass outlet. The converging and diverging angles formed 
by the roll surfaces vary from 2 degrees to 12 degrees. 
Tlie shafts of these rolls are mounted in bearings which 
can be adjusted laterally in the housing to permit the 
space between the rolls to be properly set for the size of 
work piece being rolled. The inlet end of each roll shaft 
is fitted with a universal coupling which, through long 
spindles, connects with a common reduction gear 
powered by an electric motor. The size of this motor and 
reduction unit depends on the size range to be produced 
on the mill, varying between 700 and 3,500 h.p. These 
motors are designed for a pullout torque of 300 per cent. 
The rolls are cooled by water sprays. The elevation of the 
centerline of the pass is determined by two guides, one of 
which is mounted above and the other below the center 
of the mill in the space between the rolls. 

Between these guides in the pass outlet a projectile- 
shaped piercing mandrel is held in position on the end of 
a water-cooled mandrel-support bar, located on the de- 
livery side of the mill. The opposite end of this bar is 
mounted in a thrust bearing which is carried in a recip- 
rocating carriage that is latched stationary during the 
piercing operation. The pointed end of the piercing 
mandrel extends just beyond the gorge toward the en- 
tering side of the rolls. 

The Operation of Piercing — A solid round bar or billet 
of the proper length and diameter to make the size and 


Fig. 41 — 18. Mannesmann 
piercer in operation. 
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Fic. 41—19. Sketch illustrating action of different parts of Mannesrnann piercer in the 
piercing of a solid billet. 


weight of tube desired, is heated uniformly to the usual contacted the rolls, the force of the pusher is removed, 

temperature for rolling light sections. With the rolls re- Because of the obliquity of the roll axes, the motion im- 

volving at constant speed (800 to 1000 surface feet per parted to the billet between the rolls is one of rotation 

min.) , the heated billet is transferred to a horizontal and axial advance. When the leading end of the billet has 

trough, which positions the axis of the billet on the inlet advanced to the gorge, it encounters the nose or pointed 

side of the mill coincident with the centerline of the pass, end of the piercing mandrel. The grip of the rolls is 

The heated billet is pushed forward into the space be- sufficient to continue the advance of the work piece 

tween the rolls, which has been adjusted so that the against the retarding effect imposed by the piercing 

gorge is approximately % inch less than the diameter of mandrel. When the rearward end of the billet is rolled 

the billet. As soon as the leading end of the billet has clear of the piercer mandrel, the thrust-bearing carriage 



SccthmA-A SecTioiiB*-B ScctionC-C ScctionO-S Section E-E Section F-F Section G-G 
Fxo. 41—20. Sketches illustrating action of rotary-piercing mill on the roimd billet. 
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is unlatched and the mandrel withdrawn from the billet, 
now a hollow shell, which is then conveyed to a re- 
heating furnace in preparation for further fabrication 
into a finished tube. These shells are produced in lengths 
up to 26 feet in less than a minute. 

The Action of the Rolls — ^It is evident that the forward 
motion of the billet is caused by the inclination of the 
axes of the rolls. How these two rolls, by exerting pres- 
sure only on a surface of the billet, are able to force the 
metal over the mandrel to form a tube from a solid billet 
is not so readily grasped. It is to be especially noted that 
the mandrel is not forced through the metal, but that the 
rolls cause the metal to flow over and about the mandrel. 
To bring a)bout this result, the rolls must first draw metal 
away from the center of the billet, which action tends to 
form a central hole, or cavity, for the entrance of the 
piercer point. The truth of this statement is evident from 
the fact that a small, but somewhat irregular, hole may 
be formed in a billet without the use of the piercer point. 
In practice, the end of the piercer mandrel is placed 
sufficiently forward to prevent the formation of a cavity 
ahead of the point. Advantage is taken only of the 
tendency of the rolls to form this cavity. 

The Principle Involved in Forming the Cavity— In- 
deed, such a hole can be opened up in the center of any 
solid cylindrically shaped plastic body by rolling it be- 
tween, even, two flat surfaces. Steel workers, partic- 
ularly hammermen, are familiar with tlie fact that, if a 
piece of steel in the form of a roimd be pressed or ham- 
mered into an oval form several times in succession, a 
rupture will occur in the center that will extend longi- 
tudinally through the middle of the bar. The reason for 
the formation of this rupture is plainly due to that fact 
that when pressure is applied to the round bar at 
diametrically opposite points sufficient to deform it, 
making one diameter shorter and that at right angles to 
it longer, the spreading of the metal, which takes place 
along the long diameter and in opposite directions, sets 
up a lateral tension that may cause its particles to be 
drawn away from the center (Figure 41 — 20). 

Flow of the Metal in Piercing — As the billet, which is 
in a plastic state, enters the mill, the rolls grasp it at 
diametrically opposite points on its circumference. As 
they draw the billet forward in the converging portion of 
the pass, they continue to compress it at these opposite 


points and, since the billet is being revolved rapidly, 
these points are continually changing. As the compres- 
sive rolling or cross-rolling proceeds from the point of 
initial contact of the piercer rolls to the gorge, the diame- 
ter of the billet is reduced and the section is changed 
from a circle to an oval with the long diameter in a 
vertical position. Since the billet is rotating, the central 
portion is acted on by all of the forces which are applied 
around its circumference during successive contacts be- 
tween the billet and rolls. If a sufficient reduction is ef- 
fected in this manner, a cavity will be formed in the 
center of the billet even without the presence of a piercer 
mandrel. In practice, this cavity is not permitted to form 
in advance of the nose of the mandrel, since the rough 
surface of the self-formed cavity might not permit the 
inner surface of the shell to be subsequently rolled 
smooth by the action of the mandrel. It is for this reason 
that the end of the piercer mandrel is positioned in ad- 
vance of the gorge so that it will actually effect the open- 
ing in the center of the billet, being assisted in its func- 
tion by the cross-rolling action. To avoid the difficulty 
of accurately centering the mandrel, the forward end of 
the billet is centered to insure that the point of the 
mandrel will penetrate the billet at or very near its axis. 
Centering is not absolutely necessary; however, it assists 
in starting the end of the mandrel in the center of the 
billet and reduces wear on the mandrel. If the end of the 
piercer mandrel is positioned too far in advance of the 
gorge, the cross-roll action on the center of the billet will 
not be great enough to reduce the resistance sufficiently 
to permit the grip of the rolls to advance the billet over 
the mandrel. 

Once the end of the mandrel has penetrated the axial 
center of the billet, the piercer mandrel serves as a third 
roll so that, with the properly designed pass, the metal of 
the work piece is helically rolled over the piercing 
mandrel (rather than extruded) to produce the hollow 
shell. The grip of the rolls on the hollow in the diverging 
portion of the pass, due to the obliquity of the roU axes, 
tends to draw the billet forward as the reduction in wall 
thickness is being made, and, as a consequence, tends to 
increase the length of the pierced hollow shell at the ex- 
pense of diameter. 

Double Piercing — ^It is to be especially noted that the 
amoimt of metal displaced increases considerably as the 
O.D. size (outside diameter) is increased. In 1925, the 
National Tube Division developed the process known 
as double piercing. In this process the solid billet is 
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Fig. 41—22. Rotary-rolling mill in operation. 


first pierced to a comparatively heavy -walled shell, after 
which, without reheating, it is put through a second 
piercing mill. The second mill further reduces the wall 
thickness and increases the diameter and length of the 
piece. This practice has extended the permissible diame- 
ter range of the automatic-mill method of producing 
seamless tubes by dividing the requisite work of piercing 
in the two stages. The double-piercing process has the 
further advantage that it definitely improves the con- 
centricity of the tube, since any eccentricity produced in 
the first operation results in a temperature differential 
between the thick and thin sections which favorably in- 
fluences the displacement made in the second piercing 
mill. 

Rotary Rolling — The large demand for pipe between 
16 inches and 36 inches in outside diameter for the trans- 
portatiop of natural gas for long distances raised a seri- 
ous question as to the best manner of manufacturing 
such pipe. The existing lap-weld processes for making 
such pipe sizes were both costly and slow and also un- 
suited for the manufacture of lengths over 40 feet. It is 
also not feasible to roll pipe over 16 inches in diameter 
on the automatic rolling mill, and this feature made it 
questionable whether seamless pipe in these sizes could 
be economically made. The National Tube Division de- 
veloped the rotary-rolling mill, which has made possible 
the production of pipe as large as 26 inches in outside di- 
ameter in lengths up to 45 feet and with wall thicknesses 
as light as 0.312 inch. Other large sizes are produced with 
wall thicknesses as light as 0.250 inch. 


The rotary -rolling mill is a modification and enlarge- 
ment of the cone-type piercing mill. The shafts of this 
mill, which drive the 74-inch (diameter) conical rolls, 
are in separated horizontal planes and are at an angle oi 
60 degrees with the axis of the pipe being rolled. A 
diagram of this mill is shown in Figure 41 — 21. Eacli 
shaft is powered with a 1500-h.p., 200-500-r.p.m., D.C. 
motor, which provides peripheral roll speeds of 800 to 
2400 feet per minute. In operation, the conical rolls grip 
and spin the pipe, feeding it forward over a large tapered 
mandrel, thereby effecting a decrease in the wall thick- 
ness of the pipe and an increase in the diameter. The 
length of the tube is substantially unchanged by the 
operation. The rolling action is similar to that which 
takes place in a tire- or ring-rolling machine, except 
that in the rotary-rolling mill a forward helical advance 
is imparted to the tube, which is supported on the inside 
by the tapered mandrel. 

The Plug Rolling Mill is a motor-driven, non- 
reversing, single two-high stand, which resembles a 
reversing bar mill. There are, however, several differ- 
ences between the two. Instead of roll tables, the mill is 
equipped on the entering side with a movable trough 
and pusher and on the delivery side with a stationary 
guide table and mandrel-bar support. The guides on the 
latter table, two or more in number, are of the double- 
bell type and are mounted on cross beams and lined up 
one behind the other directly in back of the grooves in 
the rolls. The water-cooled mandrel bar, which is an- 
chored in the support at the rear of the table, projects 
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Fic. 41—23. Plug rolling mill. 


through a series of these guides with its opposite end 
terminating about Vi inch short of the vertical center- 
Inie of the rolls. The free end of the mandrel bar provides 
support for the mandrel or plug during the working 
cycle. The work rolls, which arc from 22 inches to 38 
inches in diameter, depending upon the size of the mill, 
have several semi-circular grooves machined in their 
surface. With the rolls in position one above the other, 
the opening formed by the groove is not a true circle but 
is slightly oval with the long axis in a horizontal plane. 
This flare of the groove at the roll surface is provided to 
prevent the edge of the groove from shearing the work 
piece. In general, only one mandrel bar and one groove 
are used in the rolling of a given size tube. The tube is 
passed through this roll stand twice, being rotated 
through 90 degrees between the passes so that the entire 
surface receives an equal and similar treatment in the 
slightly availed groove. To permit the tube to be stripped 
rapidly from the mandrel bar, the top roll is .supported 
by counterweights and arranged to be elevated mechan- 
ically for a rapid opening of the pass. Stripper rolls, 
located just to the rear of the main rolls, are grooved to 
correspond with the main rolls. The lower stripper roll 
is also arranged for mechanical movement for rapid 
closing of the pass. These stripper rolls rotate in a direc- 
tion opposite to that of the main rolls and function only 
when the top main roll is in its elevated or open pass 
position. 

The Operation of Plug Rolling — The pierced shell, ex- 
cept for the smaller pipe sizes, is reheated after the 


piercing operations. With the pierced shell lying in the 
feed or delivery trough, an alloy -steel mandrel or plug 
is attached to the end of the bar, the bar holding the plug 
at the correct position in the roll groove. The plug is 
.somewhat larger in diameter than the support bar in 
order to provide clearance between the inside of the 
tube and the support bar. In order to start the shell over 
the plug and permit the rolls to secure a good bite upon 
it, the shell is shoved into the pass with considerable 
force by a compressed-air-operated ram or pusher. Once 
started, the force of friction due to the pressure exerted 
by the revolving rolls is sufficient to draw the shell 
rapidly over the plug, slightly reducing its diameter and 
wall thickness and increasing its length. As soon as the 
shell has passed through the groove, the mandrel is re- 
moved from the bar. The top work roll is elevated ap- 
proximately IMj inches. The lower stripper roll is then 
elevated to raise the tube clear of the bottom work roll 
and to grip it in the grooves of the stripper rolls, which 
return it to the entering side of the mill. Another man- 
drel is then placed on the bar, and the tube is rotated 
through an angle of 90 degrees. The top work roll and the 
lower stripper roll are returned to their original position, 
and the pusher again enters the tube in the pass. As 
soon as the tube has passed through the groove for the 
second working pass, it is returned again to the entering 
side of the mill, from which it is discharged for further 
fabrication. In this way the wall of the tube, supported 
by the mandrel on the inside and subjected to the action 
of the rolls on the outside, is reduced in thickness to the 
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gage desired. The pierced billet is proportionately 
lengthened and slightly reduced in outside diameter. 
The wall reduction normally made in the plug mill is 
approximately Vb inch to V 4 inch. After plug rolling, the 
tube has a uniform wall of the desired thickness 
throughout but is slightly out of roimd or oval shaped, 
not perfectly straight, and still at a bright-red heat. 

The Reeling Machine is similar in construction and 
operation to the Mannesmann piercer except that the 
rolls, which are about 30 inches long and 34 inches in 


diameter, are almost cylindrical in form. The rolls are 
adjusted laterally in the same manner as that described 
for the Mannesmann piercer and are separated by a 
space a little less than the diameter of the tube to be 
reeled. The rolls are motor-driven and are geared to- 
gether to revolve in the same direction at a surface speed 
of approximately 900 feet per minute. In operation, a 
cylindrical mandrel, which is placed between the rolls, 
is supported on the delivery end by a water-cooled 
mandrel-support bar. Like the piercing mill, the opposite 



Fns. 41—25. Reeling machine. 
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end of this bar is connected to a thrust bearing carried 
in a reciprocating carriage, locked stationary during the 
reeling operation. On the inlet side of the mill a conveyor 
carries the tube through stationary guides to contact 
with the rolls. Since the rolls are revolving in the same 
direction and with axes oppositely inclined, they cause 
the tube to revolve and helically advance over the man- 
drel. The elevation of the mandrel and tube during reel- 
ing is maintained in the proper horizontal position by 
stationary guides mounted between the reeler rolls 
above and below the pass. Owing to the fact that the total 
space between the reeler rolls and the mandrel is a few 
thousandths of an inch less than twice the wall thickness 
of the entering tube, a slight reduction in the thickness 
of the wall is effected during the reeling operation. This 
slight reduction made in the reeling operation has the 
effect of burnishing the inside and outside surfaces of the 
tube and slightly increasing its diameter. The fimction 
of the reeler is, therefore, to round up and to burnish 
the inside and outside surfaces of the tube delivered 
from previous fabricating operations. 

Sizing the Tube— The manner of sizing the reeled tube 
depends on the diameter of pipe that is being produced. 
For sizes 3 inches and over the sizing process consists 
merely of passing the tube, reheated if necessary, 
through two or more stands of sizing rolls, the grooves 
in which are slightly smaller than the diameter of the 
tube delivered from the reeler. The diameter reduction 
effected in the sizing mill is made to insure uniform size 
and roundness throughout the length of the tube. 

Since it is not economical to pierce^ roll and reel tubes 


of small diameter, the production of hot-finished tubes 
less than 3 inches in diameter requires a reducing and 
sizing process for which a special machine is employed. 
This machine is similar to a continuous rolling mill. It 
consists of 8 to 16 stands of two-high grooved rolls about 
12 inches in diameter, arranged on the continuous plan 
and set about 2 feet apart, center to center. Instead of 
standing vertically, the housings for these rolls are in- 
clined 45 degrees, so that adjacent stands lie at right 
angles to each other and the loci of the centers of the 
pass openings formed by the grooves, which gradually 
decrease in size from the first to last, are in the same 
straight line. The grooves in the initial stands are slightly 
oval in shape. However, the grooves in tlie last two 
stands on the delivery end of the mill are preferably 
round. As the tube from the reeling machine is too cold 
to be reduced in diameter, it is passed endwise into a 
long reheating furnace located at the entering end of the 
reducing mill where it is heated to a uniform tempera- 
ture just below the scale-forming point. It is then pushed 
by a mechanical pusher directly into the first stand of the 
reducing rolls, being drawn continuously through the 
successive stands in which it is elongated and reduced 
to the outside diameter desired. The smallest size to 
which tubes are generally reduced by this process is 
inches. By properly regulating the siuface speed of the 
successive roll stands, the elongation is made to com- 
pensate almost exactly for the decrease in diameter, 
while the wall thickness remains substantially un- 
changed. 

Warm Working — It has been known for some time diat 
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the cold working of steel pipe by various drawing, roll- 
ing, or compressing methods will raise the yield strength 
and in some cases increase the collapse resistance. Such 
material worked at room temperature loses a consider- 
able amount of ductility. If steel which has a yield point 
of 60,000 lb. per sq. in. is cold worked to raise the yield 
point to 90,000 lb. per sq. in., a considerable amoimt of 
force must be exerted. A steel having a yield point of 

60.000 lb. per sq. in. at room temperature will have a 
yield point of approximately 30,000 lb. per sq. in. at some 
higher temperature. The amount of force or work re- 
quired to deform the steel at this higher temperature 
is much less, although the increase in the yield point of 
the steel is quite similar to that obtained when the work 
is done at room temperature. 

National Tube Division practice in warm working con- 
sists of making seamless pipe in the conventional man- 
ner, but slightly oversize. After hot sizing, the pipe tem- 
perature is equalized over its entire length to the desired 
temperature, which ranges from 650 to 1,000 ^ F, and is 
quickly passed through a five- or seven-stand set of 
sizing rolls following which it is air cooled on regular 
cooling tables. The reduction in diameter in this pass is 
approximately 5 per cent. 

The furnace used to equalize the pipe temperature is 
divided into two zones: a cooling, or heating zone if cold 
pipe is charged, and an equalizing zone. Air is heated, 
passed through the ducts into the furnace and re- 
circulated. Thermocouples placed in the air ducts con- 
trol the temperature within narrow limits. 

As previously stated the mechanical properties are in- 
creased by warm working. Test results show that a car- 
bon steel which, in the as-rolled condition, will average 

65.000 lb. per sq. in, yield strength and 108,000 lb. per sq. 
in. ultimate strength with an elongation of 27 per cent 


in 2 inches will, after warm working, average 95,000 lb. 
per sq. in. yield strength, 115,000 lb. per sq. in. ultimate 
strength with an elongation of 24 per cent in 2 inches. 
Resistance to collapse, one of the most important con- 
siderations in oil-well-casing design, is markedly in- 
creased by warm working. For example, 7-inch O.D. 
casing with a wall thickness of 0.317 inches will have its 
collapse value increased from an average of 4,370 lb. per 
sq. in. in hot-rolled pipe to 6,320 lb. per sq. in. after warm 
working, an increase of 45 per cent. 

Spray-Quenched Deep Well Casing — ^When higher 
strength casing than that produced by the warm- 
working process is desired for deep oil wells, carbon- 
manganese steel pipe is heat treated by a special process 
developed by National Tube Division. In this process, 
the hot-rolled pipe is heat treated in a continuous unit 
by water quenching from 1650 ** F and tempering at 600 
to 1000 ® F. A series of barrel-type gas-fired furnaces are 
used for heating the pipe. During heating and quenching, 
the pipe is rotated. The total length of the eight-barrel 
continuous furnace (Figure 41 — 27) is 47 feet, and the 
rate of heating, depending on pipe size, is 5 to 20 feet 
per minute. The capacity of this unit may be increased 
by the addition of more barrel furnaces. After heating 
to 1650 ® F, the pipe is quenched as it passes through a 
specially designed water-spray ring containing nozzles 
which spray water on the complete periphery of the pipe. 

After quenching, the steel pipe is placed in a temper- 
ing furnace (Figure 41 — ^28) and heated in a 50-minute 
cycle to 600 to 1000 ® F, depending upon the final prop- 
erties desired. The pipe is rotated during heating in the 
tempering furnace to maintain straightness and uni- 
formity of heating. The continuous tempering furnace 
is fired with gas and the pipe temperature is checked 
with a radiation-type pyrometer as it leaves the furnace. 



FZg. 41—27. Heating and spray-quenching equipment. 
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When the pipe leaves the tempering furnace, it im- 
mediately passes through a set of five stands of sizing 
rolls, shown in Figure 41 — 29 , Due to the formation of 
martensite during quenching, an expansion of the steel 
occurs which increases the outside diameter of the pipe, 
and introduces a limited amount of ovality and out-of- 
straightness. The sizing operation insures uniform size 
in the quenched and tempered product; however, the 
severity of the sizing pass must be limited. 

Test results show that a carbon-manganese steel with 
average hot-rolled mechanical properties of 64,000 
pounds per square inch yield strengA, 100,000 pounds 
per square inch ultimate strength and 30 per cent elonga- 
tion will, after spray quenching and tempering, exhibit 
average mechanical properties of 123,000 pounds per 
square inch yield strength, 136,000 poimds per square 
inch ultimate strength and 23 per cent elongation. A 
marked increase in collapse resistance also results from 
this heat-treating process. For example, 7-inch O.D. 
casing with a wall thickness of 0.408 inch will have its 
collapse resistance increased from 6,400 pounds per 
square inch in hot-rolled pipe to 12,290 pounds per 
square inch after heat treating — an increase of 92 per 
cent. 

Cold-Expanded Seamless Pipe — One of the new de- 
velopments in the line-pipe industry is the production of 
seamless cold-expanded pipe in sizes 16 to 26 inches O.D. 
This pipe presently is being manufactured at the Lorain 
Works of National Tube Division. 

The hot-rolled seamless pipe produced in a Mannes- 
mann-type mill from solid billets up to 12^ inches in 
diameter is expanded in a rotary-roUing mill. After the 
pipe leaves the rotary rolling mill, it enters a pair of 
cut-off machines (Figure 41 — 30) which trim both ends. 
In these machines (the first of their kind in America) 
the pipe is held stationary as a six-tool cutting head 
revolves around the end, cutting through from the out- 
side of the pipe. The new machines are controlled auto- 
matically by electronic devices. 

The pipe is next conveyed to the cold expander shown 
in Figure 41 — 31, where it drops into the expander trough 
and one end is held firmly against a backstop. A 60-foot 
ram made of 14-inch O.D. seamless pipe is positioned at 
the opposite end of the pipe and an expander plug is 
fitted on the bar cap at the end of the ram. The expander 
plug is then forced through the pipe by a pressure of 
300,000 pounds (1500 horsepower). 

At the end of the stroke, the backstop opens to permit 
passage of the plug, which drops from the bar cap onto 
an elevator. The elevator lowers the plug to a conveyor 
which carries it back to the entry end. Here another 
elevator raises it to an automatic aligner which again 
positions it for fitting onto the bar cap and expanding 
another pipe. Five plugs of the same diameter arc used 
in sequence to permit uninterrupted operations and 
cooling of the plugs between use. The expander plugs, 
made at the Lorain Work’s foimdry, are built-up discs 
fitted with nickel-chromium-iron alloy rings. The plugs 
to produce expanded seamless pipe of 24-inch nominal 
outside diameter are under 24 inches in diameter ^d 
8% inches thick. They expand the pipe to its nominal 
outside diameter. Power is supplied to the ram through 
an electrically driven gear-reduction unit. Two heavy 
chains, one on each side, are attached to a cross head to 
drive the ram. The plug is lubricated through a flexible 
pipe which feeds from a reel and leads through the ram 
to the bar cap. Clamps which hold the pipe in the ex- 
pander are operated by an oil hydraulic system at 2000 
pounds per square inch pressure. 

After cold expansion, the pipe enters a rotary straight- 
ener and then is conveyed to an inspection table where 


it is rotated during visual inspection. Two rings are cut 
hrom each lot of pipe. One is flattened and prepared for 
a standard strip tensile test to determine ultimate 
strength and elongation and the other ring is hydrau- 
lically tested for transverse yield strength. 

After the pipe ends are beveled, the finished pipe is 
again inspected for surface and end flaws, after which it 
is hydrostatically tested to a pressure that exerts a fiber 
stress equivalent to 85 per cent of the specified minimum 
yield strength. 

Pipe manufactured by this process is cold worked in 
the transverse direction. The operations involved in cold 
expanding a seamless pipe about 40 feet long may be per- 
formed in 60 seconds, using a ram speed of 175 feet per 
minute. Depending upon the size, cold- expanded seam- 
less pipe is produced at the rate of about 50 tons per 
hour. The diameter of the pipe is increased during cold 
working and, although a water-soluble oil is used as a 
lubricant, there is a temperature rise in the pipe during 
expansion. The pipe len^ is reduced about IM; per cent, 
with less than 1 per cent change in wall thickness. Cold 
working seamless pipe in the transverse direction in- 
creases the yield strength to a greater degree than the 
ultimate strength. Excellent transverse ductility is ob- 
tained due to the nature of the seamless process. 

The Continuous Seamless Process — The two most re- 
cently constructed National Tube Division seamless mills 
utilize equipment entirely different than that used in the 
conventional seamless process. The rolling mill and 
reelers of the conventional mill are replaced by a con- 
tinuous rolling mill (Figures 41 — 32 and 41—33) with 
nine tandem individually powered stands of two-high 
grooved rolls. Figure 41 — 32 illustrates the method of re- 
duction employed by this continuous rolling mill. The 
rolls in the consecutive stands have their axes at 90 de- 
grees to each other and are driven by motors which pro- 
vide a total of 8500 horsepower. The pipe mill requires 
an internal mandrel against which the work piece is 
rolled to reduce wall thickness. This cylindrical mandrel 
extends entirely through the pierced billet and passes 
through the mill with the work piece. In the first two roll 
stands, the diameter of the pierced billet is reduced so 
that the inner surface is in substantial contact with the 
mandrel bar. Each of the next two stands makes a reduc- 
tion in wall over a portion of the circumference, the two 
jointly completing the first increment of reduction. The 
next two stands, the fifth and sixth in this mill, make a 
similcu: complete reduction but of somewhat less magni- 
tude. The next two succeeding stands (7 and 8) are de- 
signed to effect a very slight reduction, the purpose of 
which is to planish the tube svurface. The shape of the 
tube which has been oval in the preceding stands is 
changed to approximately circular section in the ninth 
stand. The rounding up operation effected by this stand 
frees the inner surface of the tube from the mandrel bar 
to facilitate withdrawal of the mandrel. 

In the operation of the mill, after a billet has been 
pierced by a conventional Mannesmann piercing mill, a 
lubricated mandrel, considerably longer than the pierced 
shell, is inserted and both pass through the rolling mill. 
The tube and mandrel are then kicked out of the pass 
line to a stripper which mechanically removes the man- 
drel (Figure 41—34), The rolled tube is then further 
processed by one of two methods depending on the de- 
sired product. 

After withdrawal of the mandrel, the rolled tubes are 
reheated (Figure 41—35) before being processed in 
either a sizing, mill or a tension reducing or *'stretdi” 
mill. The stretch mill (Figure 41—36) which is similar 
in construction to the continuous rolling mill, consists 
of twelve two-hi£th roll stands vrith the individual stands 
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Fig. 41—33. Overall view of a nine-stand mandrel mill. 


powered by 200-horsepower motors. Tension reducing, 
as described in connection with the butt-weld process, 
is unique in that without the use of a supporting mandrel 
the wall thickness is diminished while the diameter is 
reduced. This operation differs from the conventional 
reducing mill in which the wall thickness of the tube is 
increased as the diameter is reduced. In the tension re- 
ducing mill, the tension forces to which the tube is 
subjected between roll stands are not only effective in 


reducing the wall thickness of the tube but, in addition, 
make possible in successive stands more than 20 per cent 
greater diameter reductions than can be made in the 
conventional mill. The faculty of permitting the entering 
tube wall to be maintained or reduced while large di- 
ameter reductions are being made in successive stands 
permits a single entering tube size to be employed for 
the production of all tube sizes in the size ranges up to 
3’/^-inch O.D. This unit, therefore, permits production at 



41—31 Mandrel bar bdng removed by stripper conveyor from rolled tube held against stripper block. 
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Fig. 41 — 35. Interior view of a tube-reheating furnace. 



Fig, 41--36. Overall view of part of the twelve-stand stretch-reducing mUl, with tube-reheating furnace in background* 


755 


STEEL TUBULAR PRODUCTS 


approximately constant tonnage regardless of the diame- 
ter being produced. 

To produce 4%-mch O.D. tubing, the maximum size 
currently being produced on this seamless mill, the 
lolled tube is sent through a sizing mill instead of the 
s,tretch reducing mill. 

Having both a sizing and stretch mill permits con- 
tinuous production since it is possible to divert tubes to 
cither unit depending on the desired size. 

The pierced billet which is inches O.D, by 0.450- 
inch wall by 22 feet long and pierced from a solid round 
fiV*. inches in diameter by 8 feet long, will emerge from 
the continuous reducing mill as a tube 5 inches O.D. by 
0.200-inch wall which is 62 feet long. This tube, after 
passing through the stretch reducing mill, if rolled into 
2% -inch O.D. tubing with 0.190-inch wall, will be 140 
feet long. 

The long tubes are cut into two sections by a rotary 




Fxg. 41—37. Roll design. Assel mill. 


saw on the cooling table. The half sections are then cut 
into predetermined lengths by high-speed rotary-blade 
cutters before going to the finishing floors. 

Rolling Hcavy-Wall Tubing— When rolling heavy- 
wall tubing, the pierced shell after leaving the piercing 
mill by-passes the continuous rolling mill and goes di- 
rectly to an Assel mill (Figure 41-^7) which is spe- 
cifically designed to roll this product. It consists of three 
equally spaced rolls set at an angle of 8 degrees, which 
cross roll the pierced shell over a freely revolving man- 
drel which is inserted before the shell enters the mill. 
The roll design is similar to the Mannesmann piercer in 
that there is a converging inlet which grips the billet and 
rolls it down on the mandrel. The wall thickness is then 
reduced to an amount determined by the hump in the 
roll.*?. The rolls are approximately 13 inches in diameter 
at the gorge and are driven by a variable-speed motor 
through one drive. Roll positions are changed by motor- 
driven screw-downs which are tied together to give 
equal movement to each roll. 

The advantage of this mill is that the tube is rolled 
over a polished mandrel which provides an inside sur- 
face that is smooth and free from scratches. Sizes from 
2J/^-inch to 4V^-inch O.D. with wall thicknesses from 
0.250-inch to inches can be produced. Smaller di- 
ameters can be made by further processing the rolled 
product through a 12-stand reducing mill. 

Seamless Fabricating Practices — In the discussion of 
the various phases of seamless tube manufacture in this 
section, the role of each unit was described. It was also 
indicated that the number of operations is dependent on 
the size of the tube to be produced. To further clarify 
these discussions, the following examples, which typify 
the variations employed in the manufacture of seamless 
tubes, are given to develop the operations step by step. 

In producing a 2%-inch O.D. by 0.154-inch wall single- 
length hot-rolled tube, a solid billet 314 inches in di- 
ameter and weighing approximately 82 lbs. is pierced 
to a shell S’^c-inches O.D. with 0.215-inch wall, about 
11 feet long. This pierced shell is passed, without re- 
heating, to the plug rolling mill where it is plug-rolled 
in a 314-inch groove to produce a tube 314-inches O.D. 
with a 0J.40-inch wall and 17 feet, 6 inches long. The 
plug-rolled shell is then reeled to approximately 3%o- 
inches O.D., 0.140-inch wall, and about 16 feet, 6 inches in 
length. After reeling, the tube is passed through a re- 
heating furnace and into the reducing-sizing mill from 
which it emerges 2%-inch O.D. with 0.154-inch wall and 
approximately 22 feet, 3 inches long. From this tube, the 
crop-ends, and any test pieces that may be required, are 
cut in the finishing operations described in a later sec- 
tion. 

In producing a double-length hot-rolled tube 8% 
inches OD. with 0.277-inch wall, a solid billet 8^^ inches 
in diameter, 6 feet, 5 inches long, weighing 1166 lbs. is 
pierced in the first piercer to a shell 8 inches O.D., wall 
thickness of IV 4 inches and 12 feet, 10 inches long. With- 
out reheating, this shell is further processed in the sec- 
ond piercer to a shell 8% inches O.D., with 0.470-inch 
wall, and approximately 28 feet long. The shell from the 
second piercer, after reheating, is plug-rolled in an 
8%0-inch groove to inches O.D., 0.277-inch wall and 
46 feet, 9 inches long. TTie plug-rolled tube is transferred 
directly to the reeling machine which produces a tube 
8% inches 0,D., 0.277-inch wall, and 45 feet, 5 inches 
long. The tube tiien receives two or more passes in the 
two-high sizing mill from which it emerges 8%-inch 
O.D. with a 0.277-inch wall and approximately 46 feet 
long. It is then ready for crop-ending and the other 
finishing operations. 

To produce 26-inch O.D., 0..30.3-inch wall double- 
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length hot-rolled tubes, a solid billet 12% inches in di- 
ameter, 30 feet long and weighing 4007 lbs., is pierced 
to a shell 14 inches in outside diameter, 1.640-inch wall, 
and 18 feet, 3 inches long in the first piercer. This shell, 
in the same heat, is entered in the second piercer where 
it is rolled to 17 inches O.D., 0.750-inch wall, and 30 feet, 
2 inches long. After reheating, the shell is plug-rolled to 
form a tube 16% inches O.D., 0.500-inch wall, and 44 feet, 
9 inches long. The plug-rolled shell is reheated a second 


time, after which it is rotary rolled to 26% inches O.D., 

0.303-inch wall, and 45 feet, 8 inches long. Without re- 
heating, it is then reeled to 26% inches O.D., 0.303-inch 
wall, 45 feet, 3 inches long. The tube, after reeling, is 
again reheated in the tunnel-type reheating furnace, 
after which it passes through two stands of two-high 
sizing-mill rolls, forming a hot-rolled tube 26 inche.s 
O.D., 0.303-inch wall, and 46 feet long, ready for the 
finishing operations. 


SECTION 6 

COLD-DRAWN, OR COLD-FINISHED, TUBES 


While the ordinary requirements for pipe and tubing 
can be met by the hot-rolling processes just described, 
there are many requirements that demand greater ac- 
curacy, higher physical properties, better surfaces, 
thinner walls and smaller diameters than can be pro- 
duced by hot-working methods. This demand is met by 
cold drawing the hot-rolled tubes as a finishing opera- 
tion. This phase of tube production is analogous to the 
drawing of wire and the cold rolling of sheets described 
in preceding chapters. 

In the early history of seamless tube production, cold 
drawing was employed in almost every instance as a 
finishing operation, but, as the art of hot rolling de- 
veloped, the necessary finish and dimensional require- 
ments have been met to a greater and greater degree 
in the hot-rolling operation. However, a substantial pro- 
portion of tubing is still cold drawn for the following 
reasons: 

1. To produce tubes with thinner walls than can be 
hot rolled. 

2. To produce tubes with smaller diameters, 

3. To produce tubes longer than can be hot rolled in 
certain sizes. 

4. To secure better surface finishes. 

5. To obtain closer dimensional tolerances. 

6. To increase certain mechanical properties, such as 
tensile strength. 

7. To produce shapes other than round. 

8. To produce tubes with varying diameters and wall 
thicknesses from end to end. 

9. To make small lots of tubing of odd sizes and gages 
that do not justify a hot mill run. 

One and five-sixteenth inches is about the minimum 
diameter it is practicable to produce by hot rolling, and 
0.083 inch is the thinnest wall of commercial hot-rolled 
tube, which is available in the smaller diameters only. 
The diameter and wall thickness range of cold-drawn 
tubing produced by the National Tube Division is from 
%-inch O.D. by O.OSS-inch wall to 10% -inch O.D. by 
2-inch wall. 


The fact that hypodermic needles are seamless steel 
tubes that are cold drawn from hot-rolled tubing in 
small specially plants conveys the idea of how far seam- 
less tubing can be reduced by cold drawing. 

Principle of Cold Drawing — Tube drawing is essen- 
tially the same as wire drawing, as explained in preced- 
ing chapters with two important exceptions: viz,, tlie 
inside diameter of the tube must be supported while it 
is passing through the die to effect wall reduction and 
control the size of the hole, and comparatively short 
lengths are involved as in bar drawing. The process con- 
sists of pulling the tube through a die, the hole of which 
is smaller than the outside diameter of the tube being 
drawn, and at the same time supporting its inside surface 
by a mandrel anchored on the end of a rod so that it 
remains in the plane of the die during the drawing oper- 
ation. Figure 41 — 38 shows the operation. The mandrel 
may be omitted if it is not necessary to make a reduction 
in the wall thickness, or if the dimensions and surface 
of the inside are not important. A modification of this 
method consists of drawing on a bar rather than over 
the mandrel, in which method the bar travels through 
the die with the tube and must be removed later. The re- 
sistance of the metal to passage through the restricted 
space between the die and the mandrel exceeds the yield 
strength of the metal at this section, thereby resulting in 
plastic flow. As a result of the reduced metal section 
leaving the die, the velocity is increased, the amount of 
increase being dependent upon the cross-sectional re- 
duction. It is evident that the reduction or draft may be 
increased only up to a certain limit, depending on the 
ultimate strength of the section leaving the die, because, 
if the resistance and balancing pull exceeded this stress, 
the section leaving the die would break. In drawing tubes 
over a stationary mandrel, the maximum practical sec- 
tional area reduction does not exceed 40 per cent per 
pass, while, in drawing tubes on a bar which is free to 
move with the tube, the area reduction can be 50 per 
cent. As in wire drawing, every inch of metal pa.ssing 
through the die is subjected to stress almost up to its 
breaking strength and is thus given a test of its physical 
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Fic. 41—38. Cold drawing a seamless steel tube. 
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fitness to withstand hij^h stresses in its ultimate service. 
An'*, flaw or defect of consequence is brought to light 
under this severe treatment. 

The Draw Bench — A cold-draw bench for tubes con- 
sists of a heavy steel frame or bench, in the middle of 
which is located a die head for holding the die. At one 
end of the bench is located an adjustable holder to an- 
chor the mandrel rod. At its other end a shaft is mounted 
carrying a sprocket wheel over which passes a heavy, 
endless, square-linked chain. This chain lies in a trough 
on top of the bench, which extends from the sprocket 
wheel to the die head, where the chain passes around an 
idler and returns underneath the bench to the sprocket 
wheel. The ^rocket wheel is driven by a variable speed 
^otor through suitable reduction gearing. A carriage 
called a plyer runs on tracks on the top of the bench 
and over the chain that lies in the trough between the 
tracks. This plyer is equipped on one end with jaws to 
grip the tube and on the other end with a hook to engage 
a link of the draw chain. The plyer is connected by cable 
to a motor-actuated drum by which means it is returned 
to the die head after drawing a tube. The jaws grip the 
reduced or pointed end of the tube which projects 


through the die about 6 inches. The closing of the jaws 
is effected by the motion of the hook in dropping into 
engagement with the chain. The whole action of gripping 
the tube and engaging the chain is automatic, once the 
operator pushes a button to return the plyer to gripping 
position. The mandrel-rod anchor is equipped with an 
air cylinder to push the mandrel into operating position 
inside the die after the pointed end of the tube is in- 
serted. in the die. Draw benches for small tubes are 
equipped with two mandrels with their supporting rods, 
so that a tube is being loaded on one mandrel while 
another tube is being drawn off the other, A motor- 
driven indexing mechanism places the anchor in the 
pass line so that the mandrel rod is in perfect alignment 
with the die and plyer jaws prior to the beginning of 
the draw. A friction-roller mechanism automatically 
loads the tubes on the mandrel rods. All controls for the 
draw benches are grouped at the operator’s position 
near the die head so he does not have to move away 
from that position when operating the bench. 

The total length of a bench is about 80 to 100 feet. The 
capacity of draw benches may be from 50,000 to 300,000 
pounds pulling power. Chain speed may vary from 20 
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to 150 feet per minute and is automatically controlled 
so that the tube is started through the die at a slow speed, 
and, as soon as it is fairly started, the speed increases to 
the predetermined drawing rate. Dies are made with a 
conical outer surface which fits in a holder mounted 
in the die head. Dies up to a 3-inch hole size are made 
with tungsten-carbide inserts or nibs. Larger dies are 
made from hardened tool steel, chrome-plated on the 
wearing surface. Mandrels are chrome-plated, hardened 
tool steel and are either made in the form of a bar from 
6 inches to 12 inches long with one end upset to form 
the working surface and the other end tapped for con- 
nection to the mandrel rod (see Figure 41 — 38) or, in 
the case of larger mandrels (2 inches and over), they 
are made in disc form with a central hole for engage- 
ment with the ihandrel rod. In the drawing-on-the-bar 
method, hardened and ground bars of a diameter to 
correspond with the inside diameter of the drawn tube 
and somewhat longer than the drawn tube are used. 
As the bar-removal operation requires some time, three 
or more bars constitute a set, which permits the drawing 
of a tube during the interval required for inserting a 
bar in the next tube and extracting the bar from the 
tube previously drawn. 

Preliminaries to Cold Drawing— *The hot-rolled tubes 
after cooling are pointed on one end. This pointing con- 
sists of reducing the outside diameter, for a distance of 
about 6 indies, sufficiently to permit the reduced portkm 


to enter the hole in the draw die freely, so that the jaws 
of the plyer can grip this, end of the tube. If more than 
one cold- draw pass is to be given the tube, the point is 
made slightly under the final die size, if possible. Where 
large diameter reductions are made on small tubes, a 
point that would enter the final die may be too small 
and weak to stand the earlier reduction, in which case 
the original point may be further reduced after a few 
passes or, in the case of very small tubes, the pointed 
end may have to be cut off and a new point made on 
the reduced diameter and wall section. This procedure 
may have to be repeated several times in drawing very 
small tubing. Tubes with diameters 2% inches to 3 inches 
and over are usually open pointed with a reduced sec- 
tion, 2 inches or 3 Inches long, which has a rather sharp 
shoulder or offset joining the two diameters. A pulling 
pin with a cylindrical head is inserted in the tube so 
that the head engages the shoulder of the point and the 
stem of the pin projects through the die far enough to 
enter the plyer jaws. Pointing is done on rotary swagers 
or steam or air hammers after the end of the tube has 
been heated to a forging heat (see Figure 41 — 40) . Tubes 
of certain grades of steel receive an annealing heat treat- 
ment, prior to cold drawing. This treatment, which is 
usually confined to high-carbon and alloy steels of the 
air-hardening type, is necessary to obtain additional 
ductility. All tubes are pickled in dilute sulphuric acid 
to remove scale and oxides from the outside and inside 
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Fig. 41—41. Pickling tubes. 


surfaces. The pickling practice is quite similar to that 
employed in preparing wire for drawing or sheets for 
cold rolling. The pickle tubs are 40 to 50 feet long, about 
4 feet wide, and 5% feet deep. They are usually built 
of reinforced concrete and lined with vitrified brick 
laid in a sulphur compound mortar (Figure 41 — 41). 
Steam for heating and agitating the bath is led into the 
bottom of the tubs and discharged through jets or perfo- 
rated acid-resisting pipes. A wash tub of similar con- 
struction is located near the pickle tubs, and after the 
tubes are pickled free of scale they are dipped in the 
wash tub to remove the acid and any sludge or loose 
scale. A similar tub is provided for lubricant for cold 
drawing, in which great care is exercised in dipping 
to assure that lubricant reaches the entire interior sur- 
face of each tube. This lubricant, which is an emulsion 
containing flour, tallow, and water in proper proportions, 
is used for process-drawing all tubes and for finish- 
drawing large-diameter tubing which requires a heavy 
reduction. Where tubes with bright finish are required, 
a special oil-base emulsion is used. After being thor- 
oughly coated with lubricant, the tubes are placed on 
a conveyor chain on which they are carried through a 
continuous gas-fired drying oven (about 200 ** F) where 
the excess lubricant is drained and the moisture is evap- 
orated from the lubricant. Throughout these operations 
the tubes are handled in bundles up to 10 tons in weight, 
^'rom the drying oven the tubes are then sent to the 


cold- draw benches or to stock piles near the benches. 

The Cold-Drawing Operations — One cold-draw pass 
produces a cold-drawn tube of close dimensions, good 
surface, and of any mechanical property within the usual 
limits of cold-worked steel. Additional passes may be 
necessary to secure: (1) thinner walls, (2) better sur- 
face finishes, (3) smaller diameters, or (4) longer lengths. 
The bundle of pointed, pickled, inspected and lubricated 
tubes is laid on a table at the chain end of the bench, 
with open ends toward the mandrel-anchor end of the 
bench. The mandrel on its supporting rod is held so that 
the powered pinch rolls, into which a tube has been 
entered, drive the tube over the mandrel and rod xmtil 
the mandrel is just back of the pointed portion. The 
operator then swings the tube into the pass line and 
operates the control for the push-up which advances 
the tube and mandrel to drawing position. The cable- 
driven plyer-retum mechanism moves the plyer car- 
riage toward the die head, in a direction opposite to 
that in which the draw chain is moving, until the car- 
riage contacts a limit which releases the cable mecha- 
nism and permits the hook, which has been elevated, 
to drop into engagement with the draw chain. The en- 
gagement of the hook with the chain permits the grip 
jaws to close on the projecting point, and the motion 
of the carriage draws tiie tube through the die. When 
the open end of the tube clears the die, the plyer hook 
automatically disengages from the chain. Another tube 
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is loaded on the mandrel and the cycle is repeated as 
before. When, after a series of draw passes, ^e inside 
diameter of the tube becomes too small to accommodate 
a substantial mandrel, the tube may be further reduced 
in both its outside and inside diameters by sinking it 
through a die without a mandrel or bar on the inside. 
Such a reduction results in a thickening of the tube wall 
which is uniform and predictable; however, the inside 
diameter cannot be held to the close tolerances produced 
with the use of a mandrel or bar support. 

The Tube Reducing or Rockrite Process is used for 
the same purposes as conventional cold drawing; i.e., to 
produce tubing with smaller diameters and lighter walls, 
closer tolerances, better surface finish, higher mechani- 
cal properties, better machinability, etc., than may be 
obtained by hot rolling. Longer lengths than obtainable 
by either hot rolling or cold drawing— up to 100 feet or 
more — are possible, but such long lengths, especially 
in the smaller diameter range associated with Rockrite 
material, may not be conveniently handled through 
finishing operations, hence little use is made of this 
feature. Production is generally confined to the smaller- 
diameter tubes although the upper limit is established 
only by capacity of existing machines. The Rockrite 
process has a slower production rate in feet per hour 
than conventional drawing, but accomplishes much 
greater reduction per pass so that the net effect is more 
or less equivalent production rates, particularly where 
a Rockrite machine performs the work of three or more 
cold-draw passes, as is usually the case. Advantages of 
the Rockrite process over conventional drawing include 
improvement in the concentricity of the product, and 
elimination of certain intermediate operations (such as 
cutting, pointing, annealing, pickling, doping, etc.) re- 
quired by the successive cold-draw passes used to ac- 
complish the same total reduction; less material waste 
is also experienced because there is no point- crop to 
discard. Disadvantages include slower production rates 
than conventional drawing where small reductions are 
involved, and the time required for a size change is 


much greater. Additionally, the relative die costs of the 
two processes greatly favor conventional drawing when 
small production lots of odd sizes are to be made. 

Principle of Rockrite Process — The Rockrite process 
accomplishes simultaneous reduction of tube diameter 
and wall thickness by a cold-swaging action which 
utilizes compressive forces rather than the tensile forces 
employed in conventional drawing. This fact removes 
the reduction limitation present in the cold-draw process 
which is governed by the ultimate tensile strength of the 
reduced section. In the Rockrite process, very largo 
reductions in one pass are found feasible — as much as 
85 per cent or more; this may be compared with the 
40 per cent reduction per pass which is the practical 
upper limit in the drawing process. This comparison is 
even more striking when it is understood that four 
successive passes of 37.8 per cent reduction each are 
required to effect a total reduction of 85 per cent. 

Of fundamental importance in the Rockrite process 
are two semi-circular dies which have matching, taper- 
ing, semi-circular grooves machined into their curved 
faces. In operation, one die is placed on top of the other 
so that the matching semi-circular grooves make a 
circular pass. The dies are geared to each other in such 
a fashion that they rotate in opposite directions when 
they are moved laterally (in the plane of the grooves) , 
and a converging (or diverging, depending on the direc- 
tion of lateral movement) circular pass is traced by the 
die grooves. When a tube is held stationary on the center 
line of this pass, the converging path of die grooves 
reduces its diameters. If now a stationary mandrel of 
the proper taper is also positioned in the center line 
of the pass, the inside of the tube is supported and the 
tube wall is reduced and extruded or elongated by com- 
pression between the die and mandrel. In actual practice, 
the dies are in constant, lateral and rotary, reciprocal 
motion. Modifications in die contour permit repetition 
of the swaging action to reduce an entire tube of given 
diameter and wall thickness to one of smaller diameter 
and lighter wall thickness, with the length being in- 


Die Position - Start Of Stroke 


Die Position - End Of Stroke 



Die Moves Laterally To Right 
Rotating As Indicated. 

Tapered Groove In Die. 
Matched Grooves In Pair Dr 
Dies Form Converbinc Pass 
As Dies Rotate And Move 
Laterally 

Path Of Die Groove Dotted 
When Not In Contact With Tube 


Stationary Iapered Mandrel 



Ironing Section Of Die (Constant 
Diameter Establishes O.D) 

Tube Fed Inward In Small 
Increments Before Each 
Worhinq Stroke (When Dies 
In Position Shown At Left) 

Tube Rotated Approximately 
60 ° After Each Working Stroke 
(when Dies In Position Shown 
At Right) 


Die Position - Start Of Stroke Die Position - End Of Stroke 

Fic. 41—42. Vertical section through tube reducer pass— showing dies at start and end of 
stroke. 
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creased in direct proportion to the amount of reduction 
in a cross-sectional area. Such modifications include 
contour-relief at both ends, and an ironing section of 
constant diameter at the smaller end. Contour-relief at 
the inlet or large end of the die grooves permits feeding 
the tube, in small increments, into the pass during the 
short interval when the dies are not in contact with the 
tube. Contour-relief at the outlet or small end of the 
die grooves permits rotation of the tube during the cor- 
responding time interval at the end of the working 
stroke; this rotation serves to prevent the formation of 
fins and to round up the finished section. The constant- 
diameter ironing section is of sufficient length to permit 
several working strokes on each increment of reduced 
tube, and serves to size and round up the reduced tube. 
The inside diameter of the finished tube is governed by 
the diameter of the mandrel at the point located directly 
beneath the beginning of the ironing section of the dies; 
this point is called the “size-point.” It is obvious that 
minor changes in LD. size may be made by axial move- 
ment of the mandrel. O.D. size may not be altered so 
simply, requiring regrinding and refinishing operations 
in existing dies. 

The Rockrite Machine— Rockrite machines are classed 
as continuous or intermittent, but the production mecha- 
nism is essentially the same in the two types. The 
machine proper consists of a heavy steel frame, some 
30 to 40 feet long and 8 to 10 feet wide. The forward end 
of the frame contains the mechanism which actually 
swages the tubes. This mechanism, called the “saddle,” 
is a housing containing the rolls into which the dies are 
keyed, and which slides back and forth on ways in short 
reciprocating strokes, being driven by connecting rods 
attached to cranks geared to the 40 to 100-horsepower 
main-drive motor. A stationary rack attached to the 
frame engages one of the intermeshed gears on the roll 
ends, and thus produces reciprocating rotation of the 
dies as the “saddle” moves back and forth. The tapered 
mandrel is located in the desired position in the pass 
by a long mandrel rod running back, inside the tube 
being ijroccsscd, to a thrust block located at the rear 
of the machine frame. 

The tube being processed is gripped at its back end 
in a vise carried in the “cross-head” — this last being the 
tube feeding and turning mechanism. A long screw — 
running from beyond tlie back end of the machine, 
through a suitable drive-nut in a stationary housing, up 
to the “cross-head” - advances the latter a predeter- 
mined amount during the time interval at the end of 
each back stroke of the “saddle” when the lube is not 


contacted by the dies. Similarly, a splined shaft — running 
from the back to the front end of the machine frame, 
and passing through the “cross-head” — rotates the 
“cross-head” vise, together with the tube it grips, ap- 
proximately 60 degrees during the corresponding period 
each time the “saddle” reaches the forward end of its 
stroke. This splined shaft also drives an outlet friction 
vise which serves to rotate the tube being processed 
when its back end is no longer gripped in the “cross- 
head” vise. 

The chief difference between the continuous and inter- 
mittent machine types is the method of charging a new 
tube. In the so-called continuous machine, two mandrel- 
rod locks, or thrust blocks, located some 20 feet apart, 
are employed. In use, assuming both locks closed and 
the machine in operation, the roar lock is opened and 
a new tube is charged over the end of the mandrel rod 
up to the forward lock; the rear lock i.s then closed and 
the forward lock opened, allowing the tuVjc to V)e moved 
forward until it touches the end of the tube being re- 
duced —in which position it remains to be gripp».‘d by the 
“cro.ss-head” on its return to initial position. Suitable 
automatic controls open the “cross-head” vise* at the 
toward end of its travel, actuate a high-speed return 
motor, and then close the vise again when the “cross- 
head” has returned to its initial position at which time 
the regular feed stroke is resumed. The “saddle” re- 
mains in motion during this entire cycle and the produc- 
tion time lost is negligible. In the intermittent machine, 
when the “cross-head” reaches the forward end of its 
travel, the “saddle” is stopped, the “cross-head” vise 
opened, the mandrel-rod thrust block unlatched, and 
high-speed return motors actuated to return the “cross- 
head,” and back out the mandrel rod and mandrel. A 
new tube is then placed in position, the mandrel rod and 
mandrel returned to position and the mandrel -rod thrust 
block locked, then the “cross-head” vise is closed to grip 
the tube, and finally the “saddle” is restarted in niotion. 
Since reduced tubes are too long to handle conveniently 
through finlsliing operations, a flying saw has been de- 
vised to cut shorter lengths as the reduced tube emerges 
from the machine. 

Preliminaries to Rockriting — Hot- rolled tubes, or 
those which have been previously cold- drawn or Rock- 
rited, may be cold-reduced by the Rockrite process. 
Tube preparation generally first involves an annealing 
operation to insure the ductility required by the swaging 
action; some plain low-carbon steels are ductile enough 
as received from the hot mill, but hot-rolled alloy steels 
and all previously cold-drawn or Rockrited tubes mu.st 



Fig. 41—43. Continuous annealing furnace. 
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Fig. 41 — 44. Car-bottom annealing furnace. 


be annealed. Tubes are next pickled and straightened, 
then both ends cropped square with the tube body, and 
finally they are coated with an oil base or flour-tallow- 
water lubricant by immersing horizontally in the desired 
solution — this last operation is more commonly referred 
to simply as “doping.” The pickling operation is em- 
ployed to remove mill scale or annealing scale, and 
utilizes an inhibited sulphuric-acid solution, the same 
as employed in preparing tubes for cold drawing. 
The straightening operation is performed in a rotary 
straightener, and may be preceded by a so-called 
“break-down” pass through a press straightener when 
excessive camber necessitates this operation. Tube ends 
must be cut square because the trailing tube is used 
to feed the one preceding it when the forward tube is 
no longer gripped by the “cross-head” vise. 

Rockrite Machine Operation — ^No more than one oper- 
ator is required for each Rockrite machine, and in some 
instances one operator may handle two or more ma- 
chines. The principal duty of the operator is charging 
new tubes and disposing of reduced material. In the 
case of intermittent machines, he must also start and 
stop the “saddle,” and manually open and close the 
“cross-head” vise. A coolant solution is constantly 
poured onto the dies during the motion of the “saddle,” 
and the operator must control its flow and be sure that 
it is adequate and continuous. 

The number of strokes per minute made by the “sad- 
dle” is variable within limits (say 70 to 140 per min.), 
but this is generally fixed by supervision-depending on 


the steel grade being processed, amount of reduction, 
and rate of in-feed. The in-feed is also variable— -from 0 
to %6 inch or more per stroke — ^but this is similarly con- 
trolled by supervision — depending on the steel grade 
being processed, the amount of reduction, and the class 
of product being manufactured. The amount of reduction 
is governed by the die and mandrel contour, and, except 
for minor mandrel adjustment (which alters the size of 
the finished product) is beyond the control of the oper- 
ator. The stroke of the “saddle” is constant for any given 
machine size, and increases from about 15 inches to 2 feel 
and longer as the rated capacity of the machine increases. 

Annealing and Redrawing — While a large proportion 
of tubes receive only one cold- draw pass, many require 
a number of passes for reasons previously noted. Be- 
cause cold drawing hardens and reduces the ductility 
of tubes, it is necessary to anneal them after each cold- 
drawing operation. Before further cold-drawing, the 
annealed tubes must be pickled and lubricated as pre- 
viously described. All tubes, except bright-finished 
mechanical tubes, receive a final anneal or heat treat- 
ment after the last cold-draw pass. Many tubes receive 
a special normalizing treatment before the last pass in 
order to obtain the proper grain structure in the finished 
tube. This annealing is performed in cither continuous 
timnel or car-bottom batch furnaces fired with gas. The 
continuous furnaces are provided with heat-resisting 
driven rolls spaced about 3 feet apart, on which the 
tubes are carried through the furnace at a predeter- 
mined rate depending on the tube section, annealing 


Tabic 41 — Approximate Mechanical Properties of Hot-Rolled, and Cold-Drawn Low-Carbon 
Steel Tubing. Steel Specification AISI-C-1015 



Yield 
Strength 
(lb. per 
sq. in.) 

Ultimate 
Strength 
(lb. per 
sq. in.) 

Elongation 
(Per Cent) 

Hardness 

Rockwell Brinell 

Hot Rolled 

33,000 

55,000 

40 

B-64 

107 

Normalized 

35,000 

50,000 

40 

B-57 

97 

Soft Annealed ... 

30,000 

48,000 

40 

B-50 

. . . 

Medium Annealed 

40,000 

65,000 

30 

B-73 

128 

Finish Annealed . 

55,000 

75,000 

20 

B-81 

149 

Hard Drawn 

65,000 

80,000 

15 

B-84 

159 
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Fic. 41—45 Abramsen rotary straightener. 


temperature, time at temperature, etc, (see Figure 
41—43). The car-bottom batch furnaces are arranged 
in a battery and are served by a special charging crane. 
Less than two minutes is required to discharge a 5-ton 
batch of annealed tubes and recharge the furnace with 
a new batch. The furnaces will accommodate tubes up 
to 50 feet long (see Figure 41 — 44) . Both types of fur- 
naces are fully equipped with recording pyrometers. 
Each furnace is divided into four zones, and the tem- 
perature is automatically controlled in each zone. When 
extreme softness or freedom from scale or both are re- 
quested, the tubes are enclosed in a heat-resisting sheet- 
metal box and annealed in a car-bottom batch furnace. 
The final anneal or heat treatment is varied to produce 
tubing with the desired mechanical properties. Table 
41— m illustrates the effect of this heat treatment on 
AISI-C-1015 steel. The mechanical properties shown are 
representative expected values for all but the soft- 
annealed condition, where they reflect the approximate 
softest condition expected. 

Finishing Operations on Cold-Drawn Annealed Tubes 
'-After the flnal heat treatment, the cold-drawn tubes 
are finished in preparation for shipment. The principal 
finishing operations consist of straightening, cutting, in- 
specting and testing. Straightening is performed on vari- 
ous types of straighteners, viz., press, rotary, continuous 
and post. The rotary type consists of rolls set with axes 
oblique with the pass line (see Figure 41 — 45). These 
rolls are somewhat smaller in the center than at the 
ends to afford a line contact with the tube, which passes 


between the two driven rolls on one side and the three 
idle rolls on the other. The tube is helically advanced 
by the rolls which are adjusted to bend the tube 
progressively as it moves through the machine. Initial 
bends in the tube are removed and a straight tube is 
produced. Care must be exercised to have the roll setting 
adjusted accurately, especially on light-walled tubing, 
to prevent crushing the tube. Some very thin- walled 
tubes can be straightened successfully only on a post 
set in the floor carrying grooved blocks which support 
the tube while it is sprung into straightness by hand. 
Where exact straightness is required, as in some me- 
chanical tubes, gag press straighteners are used. Oper- 
ators of these presses develop great skill in giving the 
tubes the proper deflections between the supporting dies 
so that the desired amount of permanent set remains. 
A proving table, on which the tube rotates, is equipped 
with dial gages, which provide a quick and accurate 
means of determining straightness. Each tube is spark 
tested as a final check to identify it as made of steel 
having the composition specified. The hardness is estab- 
lished by Rockwell or Brinell tests, and tension tests 
of samples indicate the mechanical properties. Micro- 
scopic examination of the grain structure is an essential 
phase of the inspection program. Each tube is given a 
visual inspection for suHace defects, both inside and 
outside. Pressure tubing is hydrostatically tested to 
internal pressureb in excess of service pressures that 
may be encoimtered. The usual range of test pressure 
is from 1000 to 5000 pounds per square inch. On pressure 
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r.3-IO F-3-H r-3-l* 



r-3-13 r-3-14 P-3-15 

Fic. 41—46. Rectangular shaped sections of seamless tubing. Scale I*' = 2%". 


tubing, manipulation tests on coupons consist of flatten- 
ing, expanding, flanging and crushing. All tubes are 
carefully measured for outside diameter, size and wall 
thickness. A protective coating of oil, or rust preventive, 
is usually applied before shipment. Light-gage tubes 
are boxed and small-diameter tubes are bundled to 
prevent injury during shipment. 

Mechanical Tubing— Tubing for mechanical purposes 
is made in a wide range of sizes (/’ff-inch O.D. to 10% 
inches O.D.) and in many wall thicknesses in round and 
special sections. Some of these special sections are 
square, rectangular, oval, streamline, octagon, hexagon, 
etc. (see Figures 41 — 46 and 41 — 47). Square and rec- 
tangular sections are produced on a bench equipped 
with a Turk’s head in place of the regular die. This 
Turk’s head consists of a frame in which are mounted 
four rolls with their axes in one plane and so arranged 
around the pass line that the faces of the rolls form a 
square or rectangular hole through which the rotmd 
tube of proper size is pulled, thus producing the desired 
section. Other special shapes are made in dies in which 


the bore corresponds to the outside contour of the fin- 
ished tube, or in which shaped mandrels support and 
control the inside dimensions. Mechanical tubing has 
wide application and can be found in airplanes, auto- 
mobiles, agricultural machinery, electrical equipment, 
household equipment, etc. Specific uses include ball- 
and roller-bearing races, gravity conveyor rolls, bush- 
ings, separators, hydraulic cylinders and hoists, oil-well 
pumps, bicycle frames, metal furniture, etc. 

Pressure Tubing— Tubing used to withstand internal 
or external gas, steam or fluid pressure in refining, 
chemical, or evaporator apparatus is designated as pres- 
sure tubing and is usually furnished in the full-annealed 
state to assure ductility under service conditions. The 
most common applications of pressure tubing are in 
boilers, condensers, heat exchangers, evaporators, crack- 
ing stills, refrigerators, and air-conditioning apparatus 
Many of these applications can be met by hot-rolled 
tubing, but the smaller-size, light-walled tubes can be 
produced only by the cold-drawing process or by the 
Rockrite process. 
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Fic. 41 — 47. Special shaped sections of seamless tubing. Scale 1" = 214". 


Dimensional Tolerances of Cold -Drawn Mechanical 
Tubing — ^While dies for cold drawing mechanical tubing 
are held to the same exact sizes as wire- and bar- 
drawing dies, the fact that thin-walled sections will 
spring out of round while a solid section cannot, ac- 
counts for the somewhat greater tolerances required in 
tubing than with solid sections. 

Surface Finishes — ^The various surface finishes in both 
hot-rolled and cold-drawn tubing are as follows: 

1. Hot Finished 

Hollow-forged billets and hot-rolled tubing. 

2. Normalized 

Hot-rolled or cold-drawn tubing, 

3. Soft Annealed 

Hot-rolled or cold-drawn tubing. 

4. Medium Annealed 

Cold-drawn tubing only. 

5. Finish Annealed 

Cold-drawn tubing only. 

6. Hard Drawn (Unannealed) 

Cold-drawn tubing only. 


7. Ell wood B. F. (Bright Finish) 

Cold-drawn tubing only. 

8. Bright Annealed 

Cold-drawn tubing only. 

9. Specially Smooth (Cylinder Finish) 

Cold-drawn tubing only. 

10. Pickled 

Hot-rolled or cold-drawn tubing. 

11. Sandblasted or Shotblasted 

Hot-rolled or cold-drawn tubing. 

12. Polished 

Cold-drawn tubing only. 

1. Hot Finished— Hollow-forged billets have a surface 
appearance much smoother than hammered or pressed 
forgings, but may show a slight marking that will clean 
up with very little stock removal. Hot-rolled tubing has 
a surface finish comparable to plates or sheets of equal 
thickness. The thin-walled tubing, because of the high 
reduction in the rolling operation and the low finishing 
temperatures, will have a better surface than tubing 
with heavy walls. A light, tightly-adhering mill scale. 
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blue-black in color, is found on both the outside and 
inside surfaces of hot-rolled tubing. 

2. Normalized—Whether hot-rolled or cold-drawn, all 
normalized tubing will be coated with scale, the thick- 
ness of which depends upon the thickness of section and 
grade of steel. Thin-walled tubing can be brought to 
temperature and cooled rapidly, thus avoiding long ex- 
posure to oxidizing atmospheres at high temperatures, 
while heavy sections require a longer exposure. Scale 
formation is directly proportional to time and tempera- 
ture. Some alloy steels, notably those containing chro- 
mium or nickel in small percentages (1 to 5), usually 
are more heavily scaled when normalized, due to the 
time-temperature effect. 

3. Soft Annealed — Soft annealing, as commonly ap- 
plied to pressure tubing, or mechanical tubing that is 
to be manipulated cold, leaves a light scale from reddish 
brown to blue-black in color that is comparable in 
thickness to the scale on hot-finished tubes, but is usu- 
ally less tightly adhering and of a more porous nature. 
This surface may at times resemble that caused by rust- 
ing in storage or in transit. Oil used for protective coating 
may be absorbed by the oxide film, and the tubing may 
have the appearance of not being properly oiled, when 
fully protected against normal atmospheric corrosion. 

4. Medium Annealed — Due to the lower temperature 
employed, medium annealed tubing is very slightly 
scaled and the loose scale can usually be rubbed off 
easily, leaving a black oxidized surface. 

5. Finish Annealed — ^As the temperature at which 
tubing is finish annealed produces an oxide film of blue 
color, the tubing has a blue-black appearance and the 
smooth surface produced in the cold-i*awing operation 
is not disturbed. The oxide film offers a slight protection 
against local rusting or discoloration. 

6. Hard Drawn (Unannealed)— -As the tubing has no 
heat treatment after the cold-drawing operation, the 
surface is more or less bright, depending on the number 
of passes through the die and on the nature of the lubri- 
cant used in cold drawing. Normally, thin-gage tubing 
will have a smoother and more uniform surface than 
heavy-walled tubing. 

7. Ellwood B. F. (Bright Finish) — ^Ellwood Bright 
Finish is applied to hard-drawn tubing in the lighter 
gages and smaller diameters and is secured by special 
treatment in the cold-drawing processes. The appear- 
ance of this tubing is like that of cold-drawn bar stock. 

8. Bright Annealed — Annealed cold-drawn tubing 
may be furnished with a scale-free surface, when so 
specified, by annealing the material in a controlled 
atmosphere or bright annealing furnace. 

9. Specially Smooth (Cylinder Finish) — Cylinder fin- 
ish is often reqiiired in oil-well-pump tubing, hydraulic 
jacks and hoists, air cylinders and similar applications 
where a smooth, dense inside surface is desired. Due to 
the surface hardness and the fact that there are no 
circumferential scratches, as in machined or groimd 
bores, this finish is particularly valuable in cylinders 
using soft plunger packing. This finish can also be sup- 
plied on the outside surface when desired. 

10. Pickled Finish— Where mill scale or scale from 
heat treatment is objectionable, tubing can be furnished 
with pickled siirfaces, both inside and outside. This is 
often desirable when the tubing is to be machined, 
especially in automatic machines using formed cutters, 
as the tool life is materially increased. Pickling also per- 
mits close surface inspection. 

11. Sandblasted Finish — ^The method of removing scale 
by blasting is usually confined to heavy-wall press\ire 
tubes, but facilities are available for treating mechanical 
tubing on both inside and outside surfaces. Sandblasting 


gives a dull silvery finish, which is very susceptible to 
discoloration in handling and storage. A bright, smooth 
finish is obtained on heavy-walled, hot-rolled tubing, 
when sandblasted or pickled, and then burnished in a 
special finishing operation. 

12. Polished Finishes— Polishing machines polish both 
the outside and inside surfaces of tubing. The polished 
finishes are classified as follows: 

Grade “A” secured by use of No. 80 grit abrasive. 

Grade “B*' secured by use of No. 120 grit abrasive. 

Grade secured by use of No. 180 grit abrasive. 

Grade “D” secured by use of No. 320 grit abrasive. 

In the polishing operation, stock is naturally removed 
from standard-sized tubing, and, imless otherwise speci- 
fied on the order, it will be assumed that O.D. tolerances 
may be under and I.D. tolerances may be over nominal 
dimensions. 

Annealing of Plain Low-Carbon Steel Tubing— The 
temperature employed for annealing plain low-carbon 
steel tubing is dependent upon service requirements in- 
volving ductility, stiffness, manipulating properties, 
machinability, etc. In general, the higher the annealing 
temperature, the greater will be the ductility and soft- 
ness of the material. 

Hot-Finished Tubing — ^Tubing in the as-rolled condi- 
tion is generally finished at temperatures just around 
the upper critical range of the steel which results in a 
structure similar to that obtained by normalizing. Hot- 
finished tubing, therefore, has good strength and duc- 
tility and can be used in those cases requiring good 
manipulating properties for bending and cold-drawing 
operations. 

Finish Anneal — ^Unless otherwise specified, plain low- 
carbon steel tubes are given a finish anneal at 932 " F, 
which restores moderate ductility to the metal. This 
anneal is used where stiffness and ease of machinability 
are important and ductility not so essential. 

Soft Annealing — ^Where ductility is of paramount im- 
portance, plain low-carbon steel is soft annealed at 
1300 ** F. This anneal will effect a high degree of re- 
crystallization. This treatment is specified in all cases 
where severe bending and cold-drawing operations are 
necessary, also on all pressure tubing. In employing this 
anneal, firee-machining qualities and stiffness are sacri- 
ficed to obtain good ductility and manipulating char- 
acteristics. 

Cold-Drawn Tubing— Tubing in the cold-drawn con- 
dition will have maximum strength with slight ductility. 
Cold-drawn unannealed tubing will have good machin- 
ability and is specified where service requirements in- 
volve maximum hardness and high surface finish for 
plating, etc. 

Medium Anneal — The temperature employed for me- 
dium annealing plain low-carbon steel is 1112 F. This 
anneal will correct the cold-worked structure to the 
extent of recrystallizing the ferrite but the carbide par- 
ticles will still remain elongated in the direction of cold 
work. This anneal is applied to tubing required to with- 
stand a moderate amount of cold forming and slight 
bending operations. 

Normalizing— In order to obtain complete grain refine- 
ment, it is necessary to heat the steel to a temperature 
just above the critical range and cool in still air. This 
treatment causes complete recrystallization and refine- 
ment of the ferrite grains and the formation of lamellar 
pearlite. The mechanical properties obtained with this 
treatment on low-carbon steel are very similar to those 
obtained by soft annealing. Normalizing as a final treat- 
ment is generally not applied to low-carbon steel tubing 
except in special cases and on modified grades where 
such properties as impact resistance are specified. 
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SECTION 7 

THE CUPPING PROCESS 


Applications of the Process—A considerable quantity 
of tubular goods is made by the process of cupping a 
flat circular disc, and drawing out this cup to the de- 
sired diameter and length, on equipment such as that 
illustrated in Figure 41-~48. Such is the practice at the 
Christy Park Plant of National Tube Division, where 
it is designated as the cupping process. Although seam- 
less pipe was originally made by this method, the process 
is now employed only in the manufacture of special 
tubes and cylinders. Practically all of the gas cylinders 
used for the transportation of ammonia, carbon dioxide, 
oxygen, hydrogen, compressed air and other commer- 
cjal gases, such as refinery products, are made by this 
method. In addition, special hydraulic cylinders for 
water and air receivers, airplane pumps, shells, and 
other specialties can be manufactured by the cupping 
practice. When first patented in 1851 by Remond, in 
England, it was intended for making all sizes of tubes. 
It is practicable now for all sizes larger than about three 
inches, but since tubes can be made so readily by the 
rotary-piercing processes, already described, it is seldom 
used except for the manufacture of cylinders. The great- 
est drawback to the method is the difficulty of making 
tubing in long pieces. The maximum lengths vary from 
ten to twenty feet, according to tube size and wall. 

Chief Details of the Cupping Process— Although the 
cupping process requires considerable skill and experi- 


ence, the principles of the process are simple and easily 
understood. The steel is delivered to the tube works in 
the form of square plates the sizes of which are calcu- 
lated to contain the necessary volume of metal for the 
finished tube, plus a sufficient amoimt to compensate for 
normal losses in manufacture. These sizes may vary from 
two to seven feet square, and from % inch to 4 inches 
in thickness. The smaller sizes of these plates are heated 
to a forging temperature in a suitable furnace, and 
placed in a press having a cutting die (Figure 41—49) 
where they are sheared to a circular plate, or disc form. 
Since this operation does not cool the plates to a great 
extent, they are immediately passed to a second press, 
placed in a position concentric with the circular opening 
of a die, and forced through it by a round -nosed plunger 
operating from above (Figure 41 — 50). The hollow cup 
thus formed is then placed in a third press where a 
mandrel forces the cup through a smaller die which 
deepens the cup, and, at the same time, reduces its 
diameter and leaves it practically cylindrical. 

Plates for the largest sizes are cut into the disc form 
before heating, usually by an oxy-acetylene-torch 
cutting machine. These discs are then heated and cupped 
in the same process used for the smaller sizes. 

Hot Drawing the Cupped Piece — ^After the final cup- 
ping process, the cup is again reheated preparatory to 
hot drawing on the horizontal bench. This bench (Figure 






Fic. 41 — 48. Hot-draw 

bench in operation. 
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Fig. 41 — 49. View of press 
punching disc from 
square plate preparatory 
to first cupping opera- 
tion. 





Fic. 41 — 50. View of press 
starting first cupping 
operation. 
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Fig. 41—52. Hammer swag- 
tubes being heated at 
open end for subsequent 
swaging. 



41—48) consists of a heavy, cast steel, trough-like frame, 
provided in each side wiUi suitable recesses for the in- 
sertion of dies and at one end with a powerful hydraulic 
j)lunger long enough to force a punch through the full 
length of the bench. The punch, of a size corresponding 
to the inside diameter of the tube desired, is placed on 
the end of the plunger, and a series of dies of successively 
decreasing diameters are dropped into the recesses of 
the bench-frame, which supports them in line. The re- 
heated cup is now dropped into the bench trough, be- 
tween the dies and the plunger, with its closed end 
facing the first and largest of the dies. The plunger 
advances, enters the cup, and pushes it slowly through 
the whole series of dies, elongating it and reducing its 
wall thickness and diameter at the same time. At the 
end of the forward stroke of the plunger, stripper tongs 


are used to hold the forging while the punch is slowly 
retracted. As the drawing pressure is limited to a force 
less than that required to punch through the closed end 
of the cup, the operations of heating and drawing may 
have to be repeated to draw the tube down to the 
dimensions required. After the final operation, the plate 
which has taken the form of a tube with one end closed, 
may be cut off, or the closed end may be left intact to 
form the bottom of a cylinder. The bottom of the cylinder 
is frequently formed into a concave section by inserting 
a convex die at the end of the bench and forcing the 
drawn forging against this die at the end of the forward 
stroke. Tubes that require it are straightened in a gag 
press designed for the purpose. After inspection and 
testing, the process, so far as the tube-making is con- 
cerned, has been completed. The hot-drawn tubes imder 



Fig. 41 — 51. Hot-drawn 
ing one end of a tube to 
form the open end of a 
cylinder. 
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Frc. 41—53. Diagram of the swaging operations. 

12 inches in diameter may be cold drawn, or cold drawn 
and annealed. These operations are carried out as al- 
ready described. 

Forming Cylinders— To form the necks of large cylin- 
ders (over 10 inches in diameter) , the open end of the 
tube, after careful inspection, is trimmed evenly, heated 
to a forging temperature, and swaged under a hammer 
as shown in Figures 41 — 52 and 41 — 53. 

Spinning — ^Another method for contracting, or closing, 
the ends of seamless tubes is known as spinning. This 
method is generally applied in the manufacture of small 
cylinders in which the end of a tube may be closed and 
perfectly welded in the same operation. Spinning is ac- 
complished by a machine, which in principle is a lathe 
with a hollow spindle provided with a grip for holding 


the tube in correct position for spinning. In carrying 
out ^6 process, the end of the tube to be spun is heated 
to a dull-red color, the tube is placed in the machine, 
and the spindle is rotated at a high speed (600 to 1500 
r.p.m.) . The tool holder is mounted on a carriage which 
permits longitudinal and cross feeding of the center of 
sweep rotation, as well as adjtistment of the sweep 
radius. A blunt tool of high-speed steel is brought to 
bear against the heated part of the tube and slowly 
swung around the end of it. The friction of this tool 
against the rotating tube generates heat at a high rate, 
and by repeatedly manipulating the tool the tempera- 
ture may be raised to the point of incipient fusion for 
the steel of the tube. Figure 41—54 shows the different 
steps in the operations of closing the end of a tube. This 
illustration shows that, with each sweep of the tool 
around the end of the tube, the metal is gathered closer 
and closer towards the center, until the heat at the 
center has become so intense as to melt the metal, thus 
closing the end with a weld. After closure is effected, 
it is further possible to thicken the head thus formed 
by continued manipulation of the tool with simultaneous 
feed against the tube end. 

The necks of cylinders can also be formed in this 
machine by alternately moving the tool carriage in- 
crementally in the axial direction and manipulating the 
tool so that it does not cross the center of rotation. In 
this manner, closure is not effected, but a prolongation 
or neck is formed which may be tapped to receive a 
valve or connection. In the forming operation, external 
heat is supplied by oxy-acetylene torches. It can readily 
be seen that this principle is adapted to the forming of 
a great variety of ends. 

The machine is of special value in the manufacture 
of small tanks or cylinders by simply cutting pipe into 
short lengths and spinning the ends to the closure or to 
the contour desired. 




Fig. 41 — 54. Ends of a tube at different stages of the spinning process, showing the progress of 
the operation from the tube on the left to the closed cylinder on the right. 


SECTION 8 

HOT EXTRUSION 


Historical — The hot extrusion process has been suc- 
cessfully used to shape non-ferrous metals for many 
years and has also been used to a limited extent for 
some years in Europe for the production of carbon-steel 
tubes and bars. The presses, usually mechanically driven, 
permitted little flexibility in speed control, and the 
grease and graphite lubricant used left much to be de- 
sired. Tool life was short and only rather low extrusion 
ratios could be used. This made the operating cost of 
the process too high for economical use in this country 
where labor costs are much higher than in Europe. 

During the late 1940’s, the French inventor Jacques 
Sejoumet developed the use of glass as a lubricant at 
Ihe Persan plant of Comptoir Industrial D’Etirage et 
Profilage de Metaux to the point where stainless steel 
and other ferrous alloys of high strength and high melt- 
ing point could be extruded much more sath^ctorily 
and economically than was previously possible. 


The extrusion process is well suited for the produc- 
tion of tubes or solid shapes of stainless steels and other 
high-strength alloys for which orders are usually for 
small quantities. With this process, it is possible to pro- 
duce shapes which are difficult or impossible to form 
by other processes, to shape some steels which are diffi- 
cult to roll or forge and some which previously could 
only be cast. Included in materials difficult to form are 
tubes of alloys known as non-pierceable because they 
cannot be produced on conventional seamless-pipe mills- 
Advantages of Hot Extrusion— One of the advantages 
of the process is the ability to produce orders of small 
tonnage which cannot be rolled economically. The cost 
of dies for a special shape is insigniffcant in comparison 
with the cost of rolls and a size change can be made on 
the extrusion press in a few minutes except when it is 
necessary to change for a different size of billet to pro- 
duce the required section. It is, therefore, a simple matter 
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FLOOR PLAN - EXTRUSION DEPARTMENT 
Fig. 41 ^55. General plan of extrusion plant. 


to make changes in the design of a section to be extruded, 
while the cost of such a change to a rolled section might 
be prohibitive. This ability to make changes is of par- 
ticular advantage for new developments. Special formed 
sections can be extruded experimentally in small quan- 
tities until the best procedure for extruding and machin- 
ing can be developed. 

The extrusion process, which takes place at a sub- 
stantially uniform temperature, with the steel under 
heavy compression in all directions, gives an end product 
with a fine and uniform structure well suited for further 
processing by cold drawing or machining. Some pro- 
ducers, particularly the French at Person, specialize in 
precision sections which are cold drawn from extruded 
shapes. 

All extrusions tend to be slightly greater in cross- 
sectional dimensions at the back end than at the front 
end. Several factors probably contribute to cause this 
effect. The glass coating is heavier on the front end of 
the piece, the die wears and its temperature increases 
as the extrusion is made. To obtain the accuracy of size 
usually required, it is necessary to cold reduce, cold 


draw, or finish machine the extrusion. In the production 
of alloy tubes, it is possible to extrude small tubes with 
lighter walls than it is practical to pierce and roll on 
conventional seamless mills and to produce them with 
a much better surface. This means that the amoimt of 
tube-reducing or cold-drawing work on small tubes 
can be greatly decreased. 

The Extrusion Press — ^For satisfactory operation, the 
extrusion press must be ruggedly constructed to v^th- 
stand the heavy forces involved and remain in accurate 
alignment. When extruding tubes, it is essential that 
the mandrel be accurately centered in the die or eccen- 
tric tubes will result. The dies, which are thin, must be 
well backed up to minimize deflection. The die holder 
must be accurately centered with the bore of the con- 
tainer. 

The furnace must be able to heat the billets uniformly 
to a closely controlled temperature and supply them to 
the press substantially free of scale. 

Before heating, the billets must be properly condi- 
tioned. For some non-ferrous metals, the condition of 
the surface is not of particular importance. For example, 



Fig. 41«-n56. Stud welder which flash welds studs to billet ends to provide support for billets carried on hangers through 
furnace. 
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Fig. 41—57. Billets supported on conveyor arc sliown hero entering the gas-fired furnace for preheating to 1600 * F. 


bra{5s is extruded with a dummy block smaller than the 
container so that the billet is scalped and the surface 
layer is not extruded. With stainless steel however, the 
billets must be machined to a smooth surface. 

The extrusion press at Gary Works of National Tube 
Division embodies a number of new design features 
which were found to be desirable when the experimental 
work was being performed in France. It has a main ram 
of 2000 tons capacity and a separate piercing ram of 
500 tons capacity which can be used separately or to- 
gether. The stroke of the main ram is 100 inches. The 
container is movable so that the discard can bo easily 
removed as will appear later. 

The Extrusion Operations— The general plan of the 
extrusion plant is shown in Figure 41—55. Turned 
rounds in lengths up to 20 feet are received and stored 
in the yard until needed. They are tran.sportcd into the 
building by straddle truck and distributed by overhead 
crane to the four saws for cutting into the desired billet 
lengths. As mentioned before, these bars already have 
been turned. The finish must be rather smooth as any 
undue roughness will affect the finished product. The 
saws are of the milling-cutter type in order to produce 
a straight cut with a smooth surface, perpendicular to 
the axis of the bar. The billets are piled on pallets, which 
can be handled by a fork truck or by overhead crane. 
If intended for the production of tubes, they are next 
delivered to the drill presses where holes about V 4 inch 
larger than the inside diameter of the extruded tube are 
drilled from end to end on the axis of the billet. It is 
important that the drilled holes be straight and on center, 
as otherwise the extruded tube will be eccentric. Three 
drilling machines using high-speed twist drills about 
4 feet long have been provided for this work. Oil holes 


through the drills carry an ample supply of coolant to 
the cutting edges. Two of the machines are of the hori- 
zontal type which rotate the work while the drill is fed 
into it and the other machine is vertical and feeds the 
rotating work down over a stationary drill. The largest 
hole which can be drilled by any of these machines is 
3 inches in diameter. Most of the stainless steel that is 



Fig. 41—58. Section through gas-fired billet-heating furnace. 
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Fig. 41 — 61. Tool assembly for the extrusion press shown schematically in Fig. 41 — 60. 


drilled and cut tends to work harden, and all sawing 
and drilling is performed at a slow speed and with a 
heavy feed. 

The billets are then transferred to a lathe where one 
end is chamfered. This chamfer is provided on the lead 
end of the billet, which contacts the die, and has been 
found necessary to eliminate a surface flaw known as 
“comer defect.” 

The billets are next taken to the stud welder shown 
in Figure 41 — 56. Here, each billet is upended and a 
%-inch carbon-steel stud with a round head is flash- 
welded to its end. Hangers on the overhead conveyor 
then pick up the billets and carry them through the gas- 
fired furnace where they are heated to about 1600 ® F. 
The furnace, which is shown in Figures 41 — 57 and 
41 — 58, has a water-cooled slot in the top to permit the 
hangers to pass through. The slot is covered by over- 
lapping alloy seal-plates which travel with the hangers 
and ride on water-cooled rails. The furnace is fired 
with coke-oven gas and is equipped with 54 radiant 
burners in the side walls with three zones of control. 
It has a rated heating capacity of 8 tons per hour at 


2300 ® F. It is operated at only 1600 F, however, in order 
to minimize scaling of the steel. 

The billets leaving the gas-fired furnace are rapidly 
conveyed to one of the salt pots. These are electrically 
heated baths of barium chloride which are operated at 
2300 ® F. Each bath is 14 inches wide by 10 feet long in- 
side, and has four pairs of electrodes connected to two 
transformers of 200-kva capacity each. It is important 
that the billots be uniformly heated throughout and that 
they be free of scale as it will cause rapid die wear at 
the extrusion press. The salt-bath furnace has, to date, 
proved to be the most satisfactory equipment for achiev- 
ing the desired results. 

After moving through the salt bath, the billets are 
lifted by conveyor and quickly carried to a point near 
the extrusion press, where the supporting stud is re- 
moved by an air chisel. The layer of salt which adlieres 
to the billet helps to prevent formation of scale. The 
billet falls into a trough on the charging carriage, as 
shown in Figure 41 — 59. As the carriage moves toward 
the press, the trough drops to a horizontal position and 
discharges the billet, which rolls across the table to a 


CONTAINER 
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Fig. 41—63. View at the inlet side of the extrusion press. 


troiif^h on the opposite end. As it rolls, it wraps itself 
in a fibre-glass veil which acts as a lubricant in the 
container of the press. Figure 41 — 60 shows a longitudinal 
section through the press. The tooling is shown in Figure 
41-61. 

Before the glass-wrapped billet is introduced, the stem 
is fully retracted, the mandrel is extended from the stem 
the proper distance to permit it to reach through the die 
when the extrusion is started, a dummy block is placed 
over tlie mandrel and against the stem, and the mandrel 
is covered with a woven-glass sock. The container is 
placed in its forward or closed position, a die and holder 
are placed in the die carriage, and the carriage is moved 
up against the container and locked in position. A glass 
cartridge of approximately the same diameter as the 
container is placed in the container and pushed back 
against the die (Figure 41 — 62a) . This cartridge may be a 
pad of fibre glass or a cake of powdered glass, or both. 
TWs glass, or a substantial portion of it, melts in contact 
with the hot steel and flows to the die, thus lubricating 
tlie bearing surface. The portion of the glass which does 
not melt serves to insulate the die and die holder from 
ihe hot metal. This glass is the important factor in re- 
ducing friction, thereby increasing die life and permit- 
hug longer pieces to be extruded and greater extrusion 
ratios to be used. 

stem with the dummy block and the mandrel now 
uiove forward rapidly under pre-fill pressure. The man- 


drel enters the drilled hole in the billet and the dummy 
block presses against the back of the billet and com- 
presses it until it fills the container (Figure 41 — 62b). 
The stem continues to move under high pressure and 
forces the hot steel through the die at a high speed 
(Figure 41 — 62c). The extrusion is usually performed in 
2 or 3 seconds. It is desirable to perform this operation 
rapidly to avoid loss of heat from the piece and to 
minimize the temperature rise of the die and mandrel. 

The traveling crosshead comes to rest against a split- 
ring stop on the container housing before the dummy 
block reaches the die face. This leaves a short length of 
billet unextruded. The dummy block has slots in its 
outer surface and its face is chamfered so that the hot 
steel tends to flow over and attach itself to the dummy 
block. The stem is then pulled back a few inches and the 
container also moves back a short distance. The unex- 
truded piece of billet, or discard, and the dummy block 
stick to the container and the extruded piece pulls back 
through the die, thus leaving a gap between the con- 
tainer and the die. The hot saw then descends through 
this gap and severs the discard (Figure 41 — 62d). An- 
other forward movement of the container then pushes 
the end of the extrusion through the die (Figure 41— 
62e) and it is removed by the outlet conveyor. The die 
and its carriage are retracted, the container again moves 
forward, the crosshead stop moves away, and the stem is 
moved in to push the discard and dummy block from 
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Fig. 41—64. View at the outlet side of the extrusion press. 


the container (Figure 41 — 62f ) . They fall to a conveyor 
which carries them to the side of the press, where a small 
hydraulic press squeezes the discard from the dummy 
block. The dummy block falls to a chute from which it is 
picked up by a device which raises it into position where 
the mandrel will pick it up. There are always several 
dummy blocks in the system to permit cooling before 
reuse. 

After the discard is pushed from the container, the 
stem is retracted and the mandrel retracts inside the 
stem where it is water-cooled. A rotating brush moves 
in and cleans the container of glass residue. The die and 
its holder are removed from the die carriage and another 
die and holder previously prepared are inserted. The die 
which has been used is cleaned and prepared for another 
extrusion. Normally, from three to six dies are used in 
rotation. Figures 41 — 63 and 41 — 64 show the inlet and 
outlet sides of the extrusion press. 

Piercing Billets — Tubes with inside diameters of 2V& 
inches or larger and walls of not less than %c inch can 
be made by piercing the billets on the extrusion press 
instead of drilling them as described previously. A pierc- 
ing head is placed on the end of the mandrel and pushed 
completely through the billet and through the die. The 
piercing head and a short slug of metal sheared from the 
inside of the billet drop off and the stem with the dummy 
block then advanpes and extrudes the piece. 

Other Billet-Piercing Methods—In other plants it is 
common to provide a separate vertical press for the 
piercing operation. A section of the tooling for one such 
press is shown in Figure 41 — 65. Here the billet is first 



Fig. 41 — 65. Tooling used in some plants for the piercing 
of hot billets for extrusion. Piercing is performed on a 
separate vertical press by the method shown schemati- 
cally in this sketch. Pierced billets must then be reheated 
before transfer to the extrusion press. 

compressed by the ram which then guides the piercing 
mandrel to the center of the billet. The piercing mandiv! 
advances to a point near the bottom, while the ram it' 
tracts and allows the billet to extrude backward. Tht' 
back-up mandrel is then withdrawn and the piorcin r 
mandrel forces a small slug out as it completes its opera- 
tion. Some use two presses and first pierce to a point 
near the bottom with a closed die pot on the first press, 
then complete the piercing on the second machine. In 
any case, it is necessary to reheat the billet before ex- 
truding. 

There are other extrusion presses on which a closing 
plate is inserted between the container and the die while 
the mandrel pierces the billet to a point near the end, 
forming a closed cup. The closing plate is then removed 
and the mandrel completes the piercing operation, forc- 
ing a small slug through the die, after which the stem 
moves ahead to make the extrusion. 

When solid shapes are extruded there is, of course, no 
mandrel, and the stem and dummy block are solid. 
Otherwise, the operation is exactly the same as for ex- 
truding tubes. 

Operation of the Press — ^The press is operated by four 
men. One man on the inlet side of the press controls the 
conveyor delivering billets from the salt bath and cub? 
the stud from the billet. The second man operates all 
press controls except the dummy-block conveyor a«d 
die carriage. The third man removes the dummy block, 
disposes of the discard, and places the glass pads in the 
container. The fourth man operates the die carriage and 
takes care of the dies. 

Tooling— All the extrusion tools are highly stressed in 
operation and must be made of alloy steels which will 
withstand heat. The containers are 36-inch outside di- 
ameter forgings with a 14% -inch bore at the entry end. 
The bore has a sligl^t taper to accommodate a liner of the 



STEEL TUBULAR PRODUCTS 




Fic. 41—66. Sketch of die used for the hot extrusion of 
tubular sections. 

desired inside diameter, which is pressed into the con- 
tainer. Liners are not removed until worn out; therefore, 
a container is provided for each liner. Stems, both solid 
and hollow, are provided to fit each liner with about 
yio-inch clearance on the diameter. These stems are 
subjected to compressive stresses up to 160,000 lb. per 
sq. in. 

Dies range from % to 1% inches thick and are of the 
general contour shown in Figure 41 — 66. They have a 
short bell-mouth, a straight bearing section which is 
usually about %6 inch long, and a flared section on the 
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outlet side. Dies of 10 per cent tungsten steel and 5 per 
cent chromium hot-work steel have given good service. 
At best, dies wear rather rapidly, due partly to the fact 
that their temperature is raised considerably during each 
extrusion. Long extrusions cause much more rapid 
die wear than short ones. Dies of harder materials, and 
steel dies with hard facings such as stellite, have been 
tried experimentally but have not as yet proved suc- 
cessful. 

Dies for solid shapes present more problems than dies 
for tubes. Unsymmetrical shapes have a tendency to bow 
or twist when extruded because the metal flows more 
easily and therefore faster through the wider portions 
of the aperture and through the portion at the center of 
the billet. Also, it is difficult to lubricate the re-entrant 
corners. To minimize these difficulties, the aperture in 
the die should be located so that the sections more diffi- 
cult to extrude are as near the center as possible. Bear- 
ings sections can be made longer on the sections where 
the flow is fastest, and the bell-mouth part of the die 
can be increased to encourage glass flow to certain sec- 
tions. 

Mandrels are made from 5 per cent chromium steel, 
hardened and ground to size. These mandrels must with- 
stand the heavy compressive stresses transmitted by the 
billet under pressure and also the tension caused by fric- 
tion of the extruded piece. Failure is usually due to 
necking-down near the back end where the stresses are 
greatest. Due to the heavy stresses, there is a minimum 
limit for the size of mandrel of any definite material and 
for any certain extrusion. In general, it has been found 
best to keep the mandrel diameter over 1 inch, although 
smaller ones have been used. 

Dummy blocks are of the same steel or a similar steel 
as that used for mandrels, with the addition of about 
Vk per cent tungsten. 

Dies, mandrels, and dummy blocks are preheated to 
about 300 ® F in a small furnace before placing them in 
use. The container is kept warm with an electric heater 
when the press is not in use. If these things are not done, 
the tools may break due to thermal shock. 

Power Supply— Power for the press is supplied by two 
300-gallon per minute pumps. They supply water at 




Fw. Stretch straightener with rotatable head for the straightening and removal of twist from extruded sections. 



THE MAKING, SHAPING AND TREATING OF STEEL 


778 

3600 lb. per sq. in. pressxire through two air-hydraulic 
accumulators. An air compressor is available to charge 
the accumulators, when necessary. One pump and one 
accumulator supply water for the main ram only. The 
other pump and acciunulator supply the piercer ram and 
auxiliary equipment, including the die carriage, the die 
locks, the discard separator, and the container shift. 
An oil-hydraulic system operating at 500 lb. per sq. in. 
supplies the power to operate the main control valves 
through servo-mechanisms, the saws, and the hydraulic 
motor for the charging-carriage travel. 

Finishing Operations — ^The extruded piece is carried 
on the outlet conveyor past a hot saw which can be used 
to divide the length if desired. The extrusion is then sub- 
merged in a quench tank if it is of austenitic stainless 


steel. Steels which cannot be quenched are discharged 
onto skids to cool. 

All extruded pieces are covered with a thin coating of 
glass which, due to its abrasive nature, must be removed 
before any cold work is performed. Quenching removes 
a portion of this glass, but the remainder must be re- 
moved by pickling. Before this de-glassing operation, 
special shapes are straightened on a stretch straightener. 
shown in Figure 41 — 67. This machine has a capacity of 
100 tons, and one of the heads is rotatable so that any 
twist in the piece can be removed. 

After straightening and de-glassing, solid shapes ar< 
cut to length. Tube hollows (a mill term for semifinished 
tubes produced by hot extrusion), after de-glassing, are 
further processed by cold drawing or tube reducing. 


SECTION 9 

FINISHING OPERATIONS 


The hot-rolling processes described in the previous 
sections of this chapter on tubular products do not pro- 
duce pipe in its final form. Though less spectacular, the 
finishing operations are a very necessary part of the 
production process. After leaving the straightening rolls, 
all pipe passes through a sequence of operations which 
depend on the size and class being produced. Pipe, rolled 
to a common specification on the hot mill, may be fin- 
ished into various classes of pipe in the finishing opera- 
tions. Inasmuch as these operations differ only slightly 
and usually only in the design of the equipment, the 
operations on seamless pipe have been selected as l^ing 
typical of all classes. 

Straightening — From the hot mills the hot-rolled pipe 
is delivered to the straightening machine which consists 
of two driven rolls from 2 to 3 feet long and 19 to 28 
inches in diameter and three idler rolls 1 to 2 feet long 
and 12 to 18 inches in diameter, the former and two of 
the latter being set obliquely and opposite to each other, 
in position and angle, so that when a length of pipe is 
inserted between them it is held firmly by two sets of 
rolls. The third idler roll being between these confining 
points can be adjusted to bring pressure to the pipe and 
thereby perform the straightening. As in the reeling 
operation, the pipe is kept between the rolls by guides 
properly set between them and at some distance below 
the center line, depending on the size of pipe. The pipe, 
which is inserted between the first driven and idler rolls, 
is grasped, rapidly revolved, and drawn forward. During 
this action, the axis of the pipe is deflected by the mid- 
dle idle roll which effects the straightening. The grip of 
the second driver and third idle roll finally throws the 
pipe clear of the machine. 

Inspection and Cutting — ^When seamless pipe leaves 
the straightening rolls, it is delivered to a table where it 
is thoroughly inspected for straightness, size and ex- 
ternal and internal surface defects, such as seams, pits, 
etc. The pipe is then delivered to the cutting-off machine 
where the crop ends are removed and the ends are cut 
smooth and perpendicular to the pipe axis, beveled for 
welding, or, if the pipe is to be threaded, it is chamfered 
to aid in starting the threading dies. The end is then 
reamed to remove any burrs and the wall thickness of 
the cut end measured to insure proper uniformity. De- 
pending upon the class of pipe, a number of cut-off por- 
tions may be subjected to a flattening test to determine 
the ductility of the steel in the individual pipe. 

Pipe Joints— A pipe joint is a means of connecting 
two or more lengths of pipe, so as to permit transporta- 
tion of liquids or gases under leak-proof conditions, or 


to permit the use of long lengths of pipe for mechanical 
or structural purposes. Generally speaking, joints may 
be divided into three classes: 

1. Joints with threaded ends for couplings or flanges 

2. Special connectors or couplings for use with plain - 
end or flanged-end pipe; as for example. Dresser, 
Victaulic, Vanstone, and similar joints. 

3. Welded joints, including plain-end pipe beveled for 
welding, slip-joint casing and line pipe and double- 
belled-end line pipe with inserted chill ring for 
welding. 

Joints with Threads and Couplings — The threaded and 
coupled joint is, by far, the most widely used and is the 
adopted standard of the American Petroleum Institute 
for casing, tubing, drill pipe, and line pipe. American 
Petroleum Institute (A.P.I.) casing in sizes 13% inches 
O.D. and smaller, tubing and drill pipe are manufactured 
with round threads; A.P.I. line pipe and 16-inch and 20- 
inch outside-diameter casing with the modified A P I. 
(Briggs') thread. “National" standard pipe to be fitted 
with couplings or flanges is manufactured to the applica- 
ble parts of the American Standards Association Thread- 
ing Specifications. The great increase in the loads and 
internal pressures to which many types of threaded 
joints have become subject in the past few years has re- 
sulted in additional efforts to improve physical prop- 
erties and threading practice. Thread form, thread depth, 
lead, and taper are maintained within the limits of the 
rigid tolerances given in the specification of the Ameri- 
can Petroleum Institute and other organizations, so that 
coupling threads will mate properly with the pipe 
threads when made up to the power-tight position. 

Threading Pipe — ^To secure good threaded joints it is 
necessary to have clean, smoothly cut threads of the 
proper taper and pitch, and to secure such threads it is 
necessary to have threading dies made with full con- 
sideration for the following: lip, chip space, clearance, 
lead, lubricants or cutting oils, and, for power machines, 
number of chasers. 

Lip— Figure 41 — 68 illustrates clearly what is meant 
by lip on a chaser. The lip forms a slanted cutting edge 
which promotes curling of the chips and gives an easy 
cutting action, similar to that of a properly ground lathe 
tool, instead of the pushing-off effect caused by chasers 
which have no lip; it also permits a higher cutting speed. 
The angle to which the lip should be ground depends 
upon the kind of material to be threaded and the style 
and condition of the chasers and chaser holder. For 
Bessemer-steel pipe, this angle should be from 15 to 20 
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Fig. 41-68. Threading die showing lip. Up angle, chip space, clearance and cutting edge, 


degrees; for open-hearth steel, the lip angle should be 
from 15 to 25 degrees. . j • *i. 

Chip Space— Chip space is the space requu«d in the 
die holder in front of the chasers to prevent the accumu- 
lation or packing up of chips. If sufficient chip space is 
not allowed^ the chips will rapidly pack in front of the 
chaser, causing rough, tom threads, ^d creating a 
tendency on the part of the chaser to pick up stickers. 
The best design for this chip space provides an even 
curve for the chips to follow, with the back of each 
chaser well supported. , 

Clearance — Clearance is the space between the threads 
of the chasers and the threads on the pipe at a S^^en 
distance from the cutting edge (“heel clearance in 
Figure 41—68). This clearance is secured by die m^u- 
facturers in various ways. A simple method for gettmg 
clearance in the type of die known as “cuttmg-edge-on- 
center” or “center cut,” consists of setting the chasers for 
machining with their cutting edge tangent ® larger 
circle than they are set for cutting threads. Clearance 
may be obtained on the “stock-on-center” type of chaser 
by machining in the same manner as a “cutting-edge- 
on-center” chaser, with the exception that their cuttmg 
edge is tangent to a smaller circle than when they are 
set for cutting threads. Stock-on-center chasers can also 
obtain their clearance by setting the (diasers ahead of 
the center-line when they are being machined. 

Lead or Throat-Lead is the angle which is machined 
or ground on the first three threads, more or less, of each 


chaser to enable the die to start on the pipe, and also to 
distribute the work of making the first cut over a number 
of threads. The lead may be machined or, as is more com- 
mon, it may be ground after the chasers are 
The proper amount of lead is about three threads. As the 
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Fio. 41—69. Sketch showing correct angle for re- 
grinding lead pf chasers. 
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heaviest cutting is done by the lead, this section of the 
chaser should have a slightly greater clearance an^e 
than the rest of the threads, but care must be used to 
see that this angle is not excessive. Excess lead clearance 
will cause the die to feed too fast, and the half threads 
cut by the lead are consequently damaged by the full 
teeth of the chasers (see Figure 41— >69) . 

Number of Chasers — ^To get good results in threading 
at one cut, the die head should have a suitable number of 
chasers. The number is determined by the size of the 
pipe. In some cases as many as eighteen chasers are re- 
quired. The number necessarily depends upon the de- 
sign, size, and operative principle of the die; hence, no 
exact rule can be laid down for universal acceptance. 
When an insufficient number of chasers is used, the die 
will chatter and cut a rough thread. 

Dies — ^Dies usually are designed with the chasers 
evenly spaced and arranged either with the stock on 
center or with the cutting edge on center, as shown in 
Figure 41 — 68, in which case the face of the chaser is in 
the same plane as the central axis. A more recent de- 
velopment places the chasers at an angle of 24 degrees 
with a radial or center line and spaces them at varying 
angles around the pipe. An odd number of chasers is 
used. This has several advantages among which is the 
steadying effect the unequally spaced chasers have on 
the die thereby reducing chatter. Sharpening is simpli- 
fied since the rake or lip angle is set at 24 degrees by 
the angle of the chaser with the center line and sharpen- 
ing consists of merely grinding parallel to the face of 
the chaser. 

Chaser teeth are usually designed to have the even- 
numbered chasers cut one flank of the thread and the 
odd-numbered chasers cut the other flank. This is done 
so that the threads of any individual chaser will not cut 
both flanks and results in a smoother thread. 

Lubricant— Care should be taken to provide the proper 
quality of threading oil, as the best die made will not 
produce good results with poor or insufficient oil. With 
hand tools or where the flow is intermittent. No. 1 lard oil 
can be used with success. Cottonseed oils have a tend- 
ency to gum if not used in a constant flow. Poor lubri- 
cants are destructive to dies, and more power is required 
to cut a thread when they are used. A good quality of 
sulphurized mineral oil should be used with a constant 
flow on power machines. 

Gaging Pipe Threads— To keep pipe-threading prac- 
tice at a high degree of accuracy, the mills maintain 
complete sets of standard gages with which the pipe- 
thread dimensions may be measured. For each size of 
pipe threaded, a master plug gage is kept at the mills, and 
these gages are returned periodically to the National 
Bureau of Standards for examination of accuracy. Ex- 
cept for the pipe-thread vanish angle, the threaded mas- 
ter plug gage represents a theoretically correct pipe 
thread as to pitch diameter, lead, taper, and thread form. 
The ring gage is the transfer medium, also certified for 
accuracy by the Bureau of Standards, and represents a 
theoretically correct coupling thread with reference to 
lead, taper, and thread form. The ring gage is threaded 
and sized so that it will screw onto the master plug gage 
a predetermined distance, known as the hand-tight posi- 
tion. On American Petroleum Institute gages, the hand- 
tight position is expressed as standoff, which is the dis- 
tance from a scribed mark or notch in the master plug 
gage to tibe face of the ring gage. The standoff represents 
the advance from the hand-tight to power-tight position 
whidb has been determined as necessary to obtain a 
leak^proof and otherwise efficient joint. The working 
plug and ring gages used to verify the accuracy of the 
couplings and threaded pipe, respectively, are in turn 


compared with the master plug and ring gages, so that 
the makeup from hand-tight to power-tight position in 
the joint will be uniform and within the specification 
tolerance limits. In addition to plug and ring gages, the 
mills are provided with various other types of high- 
precision gaging instruments, each one serving its par- 
ticular fimction in indicating the accuracy of thread 
depth, thread form or angle, taper of threads in a speci- 
fied length, pitch diameter, and lead or pitch. A more 
complete description of thread inspection and gaging in- 
struments may be had by reference to American Petro- 
leum Institute Standards 5-B. 

Coupling Forgings— All threaded couplings are made 
of seamless steel forgings of a grade of steel at least equal 
to that of the threaded pipe with which they are used. 
Seamless coupling forgings, also called blanks, are cut 
from lengths of seamless pipe, pierced and rolled to the 
required coupling diameter and wall thickness. 

Finishing Steel Couplings — The blanks are stamped 
with the necessary identifying marks. They are then 
placed in machines which true up the ends, taper the 
bore to conform accurately with the taper of the thread 
and, if required, recess or chamfer the ends internally. 
This is all performed in the same operation to assure 
alignment of the two ends of the finished coupling. The 
preparation of the coupling blanks is of great importance 
and care is taken to see that all operations associated 
with their preparation are properly carried out. The 
prepared blanks are tapped on automatic tapping ma- 
chines. These machines tap both ends of the coupling in 
one chucking operation to assure accurate alignment of 
the finished coupling. After tapping, all couplings are 
inspected for pitch, taper and thread depth with pre- 
cision instruments specially designed for this tsqse of 
work. Size or pitch diameter is checked on hardened and 
ground, threaded gages. 

To prevent galling of the threads, the couplings are 
electrogalvanized. As a first step in this process, the 
couplings are first washed with a soda solution to remove 
the oil adhering from the threading operation. Thor- 
oughly cleaned on the inside, they are placed, several 
at a time, in a specially constructed plating tank filled 
with a zinc solution. In this tank the couplings are sup- 
ported so that they collectively form the cathode, while 
zinc poles project into the couplings to form the anode. 
Upon the passage of direct current through the appa- 
ratus, the zinc is deposited upon the inside of the cou- 
pling as a firmly adhering coat, the thickness of which 
depends upon current density and time. Since the coat 
will not adhere firmly if the current density is too great, 
this factor is limited and maintained to give a tight coat, 
and thickness is controlled by time. As an additional 
safeguard against galling, to facilitate the tightening up 
of the couplings on pipe and also to prevent rusting of 
the threads in service, a special thread dope composed of 
zinc dust and non-drying lubricating greases has been 
prepared for use with couplings. 

Testing the Pipe — ^From the threading machines, or 
from the cutting-off machines if the pipe is plain end or 
beveled for welding, the pipe is moved over a final in- 
spection table, where each length is carefully inspected 
for surface defects, end finish, size, etc., to the 
hydrostatic-testing machine. If the pipe is threaded, the 
threads are lubricated, after which the couplings are 
screwed up to the established hand-tight position, ex- 
amined for standoff, and then brought up to power-tight 
position by a power screwing-on machine. The pipe is 
then filled with water and an internal hydrostatic pres- 
sure is applied. This pressure may be from 400 to as high 
as 12,000 pounds per square inch, depending upon the 
kind of pipe, the size, and the service for which it is to 
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Fig. 41—70. Hydrostatic-testing machine. 


be used. Some pipe, such as butt- weld pipe for ammonia 
purposes is also given an air tost while submerged in 
water. For the hydrostatic test a specially designed ma- 
chine is provided, which consists of a bench mounted on 
one end with a water-tight head connected with a hy- 
draulic line and with a similar head made adjustable to 
suit different lengths of pipe, mounted on the other. A 
number of clamps for supporting the pipe and an air 
hammer for tapping the pipe during the test are mounted 
between these heads. When being tested, welded pipe is 
placed between the heads, the supporting clamps are 
applied, and the adjustable head is moved forward to 
seal the ends of the pipe tightly with packing rings or 
gaskets. Water is admitted until the pipe is full and no air 
pockets remain. The pressure line valve is then opened 
until the gage indicates the specified test pressure, which 
is maintained for five seconds, during which time the 
pipe is jarred automatically with the air hammer. The 
face of the air hammer is brought to bear upon and 
vibrate against the pipe, which is thereby subjected to 
impact and vibration while under maximum internal 
stress. The pipe is then undamped from the testing ma- 
chine, and one end is elevated while the water flows out, 
carrying with it flakes of detached scale. 

Because of the enormous head pressures encountered 
in testing pipe, the higher test pressures are usually ap- 
plied by what is known as the “field testing” method, so 
called because it was originally used with portable 
equipment. The extremely high pressures are employed 
to test casing and tubing to be used in deep wells where 
very high working pressures are encountered. A cap is 
screwed onto the field end pipe threads and a plug, 
through which the water enters the pipe, is screwed into 
the coupling on the other end of the pipe. Since there are 
no restraining forces on the ends of the pipe, the internal 
pressure acting on the cap and plug hydrostatically test 
the pipe joint in tension. Because of the very high pres- 
sures involved in this test, safety precautions are an 
important factor when installing and operating this 

equipment. 

A very important factor in setting oil-well casing is the 
amount of external pressure exerted on the casing. This 
pressure is usually directly proportional to the depth of 


the well and together with the bursting pressure and 
joint strength determines the grade of steel and wall 
thickness of casing required in deep wells. The resistance 
to collapse is proportional to the ratio between the out- 
side diameter and the wall thickness of the casing which 
is usually expressed as D/t. It also varies with mechan- 
ical properties, especially the yield strength, below the 
range of elastic failure. 

In order to assure a satisfactory level of collapse re- 
sistance, repre.sentative specimens of casing are sub- 
jected to external hydraulic pressure under laboratory 
controlled conditions. The length of the specimen for 
closed end testing used by National Tube Division, is 
eight times the diameter. After outside diameter and wall 
measurements are recorded, the ends are sealed either 
with portable leakproof heads or by welded plugs and 
the specimen is inserted in a heavy-wall forged jacket 
which is sealed and closed with heavy bayonet-type 
heads. After filling the jacket and bleeding out all en- 
trapped air, hydraulic pressure is applied to the outside 
of the pipe by a high-pressure electrically driven re- 
ciprocating pump until failure of the specimen occurs 
through collapse of the section. The hydraulic pressure 
applied during the test is indicated on a calibrated mer- 
cury pressure gauge. Open-end tests are made by sealing 
the specimen using suitable packing rings through open- 
ings in the heads of the collapse jacket. In this method, 
the length of the test specimen is fixed by the length 
of the collapse jacket and consequently the ratio of 
the length of specimen to its diameter varies with each 
size. The method of applying and registering the pres- 
sure during the test is the same as with the closed-end 
test. 

The test results are recorded and used as a process 
control, and as part of the experimental work which is 
constantly being done to improve casing quality and 
manufacturing method. 

Oiling — "EaLoh length of pipe as it leaves the testing 
pump is measured, and this information together with 
the necessary identification marks is stenciled on the 
pipe, which is then given a coating of protective oil as 
it passes through a spray machine. This oil is a hardening 
transparent oil that leaves a lacquer fudsh. Sizes 
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inches and smaller are identified by stamping the neces- 
sary information on metal tags rather than stenciling, 
and these sizes, after oiling, are bundled to facilitate 
handling and shipment. 

Types and Uses of Joint8>-The joints shown in Figures 
41—71 to 41 — 80 represent those best known and most 
commonly used. 

Upsetting— For severe service, it is often necessary to 
provide additional strength in the joint, and for this rea- 
son the ends of the pipe are upset before cutting the 
threads. To accomplish this upsetting, the end of the pipe 
is heated to forging temperature, then inserted endwise 
between two semi-circular dies of the upsetting machine. 
These dies clamp the pipe from the outside, while a 
mandrel, carrying a collar of the exact size of the out- 
side diameter of the upset end, is inserted into the pipe. 
As the mandrel advances, the collar comes in contact 
with the end of the pipe and pushes the hot metal back to 
fill the ring-like space between the mandrel and the die. 
By changing the design of the dies, the upsetting may 
be controlled to displace the extra thickness either to the 
inside or to the outside of the pipe. Figure 41 — 71 shows 
internal upset casing. 

Internal Upset Casing with Long Couplings— This de- 
sign of joint is manufactured with an internal upset to 
support the weight of a long string of casing when it is 
suspended freely in a well of great depth. The impor- 
tance of proper mechanical properties in the steel, as well 
as highly accurate threading practice, can best be ap- 
preciated when it is realized that this joint (as for ex- 
ample in 7-inch outside-diameter casing) may be re- 
quired to support a 16,000 foot multiple-weight string 
which is equivalent to a dead load of 540,000 lbs. or 270 
tons. Casing joints may also be subject to rock pres- 
sures as high as 7,000 pounds per square inch. 

Seamless Buttress-Thread Casing— Non-Upset— This 
joint (Figure 41 — 72) is a development of National Tube 
Division to satisfy the petroleum industry’s need for a 
casing joint which will safely and economically support 
the weight of casing designed for deep wells. The high 
tensile strength of the buttress-thread joint is due 
largely to the combined effect of the coupling threads 
completely engaging the casing thread throughout their 
entire length, including the vanishing threads, and the 
three-degree fiank angle of the thread which support 
the weight of the casing in the well. Used on the API 
casing grades and with full inside clearance, 5^-inch 
through 7% -inch O.D. casing combination strings of 
multiple weight can be designed for 20,0()0-foot depths 
and corresponding approximately 10,000 lb. per sq. in. 
bottom hole rock pressure. 

A.P.L Casing with Long Coupling— A.P.I. casing with 
long couplings is manufactured in sizes 4^ inches to 13% 
inches outside diameter. The general outline of the joint 
is as shown in Figure 41 — ^73. Casing with long couplings 
is intended for use in wells of somewhat lesser depths 
than ^e internal upset t3npe and may also be used in the 


lower sections of casing strings where tiie internal upset 
shown in Figure 41—71 is not necessary to obtain the de- 
sired joint strength and safety factor against failure. 
When it is necessary to obtain added clearance inside a 
larger size of casing or in open holes, couplings of sub- 
standard outside diameter but otherwise having standard 
dimensions may be used. 

A.PX Standard Casing— The AP.I. Standard Casing 
Joint (Figure 41—74) was designed for oil-well depths 
of 5,000 to 7,000 feet with a safety factor of 2.0 against 
failure in tension based on minimtim physical properties. 
However, this joint may be used in the bottom sections oi 
longer strings of casing, thus resulting in some reduction 
to the cost of the string. This joint is available with a 
sub-standard coupling outside diameter, where addi- 
tional clearance is desired because of the necessity of its 
being run inside another string of casing or in open hole. 
The A.P.I. Standard Casing Joint is furnished in sizes 
4% inches to 20 inches outside diameter. 

A.PX Line Pipe — The AP.I. line pipe joints are similar 
in general outline to the AP.I. standard casing joints 
(Figure 41 — 74) . A.P.I. line pipe is threaded to American 
Petroleum Institute Standards 5-L, and the same rigid 
control of threading tolerances maintained as for AP.1. 
casing and all other classes of threaded joints. Until re- 
cently, the essential differences between line pipe and 
standard pipe joints were in the coupling diameters and 
length and also in the thread length, each of these 
dimensions being greater in A.P.I. line pipe than in 
standard pipe. The American Petroleum Institute has 
since adopted the American Standards Association 
thread lengths for line pipe, thus eliminating the longer 
line-pipe threads. Line-pipe and standard-pipe cou- 
plings may now be used on pipe threaded to either the 
A.P.I. or A.S.A. specifications. The threaded line-pipe 
joint, however, is subject to higher test pressures since, 
in actual service, line pipe is generally subject to far 
higher working pressures than is standard pipe; the lat- 
ter being more suitable for low-pressure work, such as 
piping for plumbing and sprinkler systems. 

A.PX External Upset Tubing — ^A.P.I. external upset 
tubing (Figure 41 — 75) is desirable for deeper wells and 
for wells of any depth that are pumped. Both ends of the 
tubing are externally upset in order that the metal area 
at the root of the first exposed thread, when the joint is 
properly made up, may be at least equal to the metal area 
in ^e body of the pipe and thus of equal strength in 
tension. This tubing can therefore better absorb the 
dynamic stresses induced by pumping as the possibility 
of a fatigue failure in the threaded section is reduced to 
a minimum. 

AJPX Standard Tubing— A.P.L standard (or non- 
upset) tubing is generally used in open-fiow wells and 
in shallow wells where tubing is pulled from the well 
infrequently and is a medium for pumping or otherwise 
raising oil to the well surface and thence to storage 
tanks. The A.P.I. standard tubing joint is similar in gen- 



Fig. 41—71. Internal upset casing. 





1 . 41 — 81. Double-expanded end for welding with chill ring. Fig. 41—84. Formed-end coupling. 
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eral outline to the AP.L casing (long coupling) joint 
(Figure 41 — 73) . 

A.P.I. Internal Upset Drill Pipe~The drill-pipe joint 
(Figure 41 — 76) , which is manufactured with upset end, 
is subject to still greater and far more complex loading] 
since strings of drill pipe as long as 20,000 feet are sup- 
ported by one joint which also transmits the torque from 
the rotary table to the body of the pipe and ultimately to 
the bit. The bit, in turn, revolving at high speed is subject 
to varying degrees of pressure, depending on the forma- 
tion being drilled. Where cavings occur, the pressure on 
the bit, expressed in terms of column loading, is some- 
times sufficient to induce very high stresses in the joints. 
Drill pipe is also subject to high internal mud pressure, 
which is required to wash cuttings to the surface and to 
act as a lubricant while drilling. While the joint as shown 
in Figure 41 — 76 is still the A.P.I. standard, most strings 
of drill pipe are now fitted throughout with tool joints; 
and the design of these tool joints is such that the greater 
part of the stresses incidental to drilling pass from the 
body of the pipe through the tool joint and into the next 
pipe section, thus reducing the possibility of V-notch 
failures through the threaded section of pipe. This is ac- 
complished by flash-welding the tool joint to the upset, 
or by welding the tool joint to the body of the pipe back 
from the threaded end, or by shrink -fitting an extension 
in the tool joint to a special external upset and machined 
pipe end. Since it is not the purpose here to describe 
types and uses of tool joints, the reader is referred to 
A.P.I. Specifications 7-B and to the catalogs of various 
tool-joint manufacturers. 

Standard Pipe — The standard pipe joint (Figure 
41—77), while primarily intended for low-pressure 
steam, gas, and water lines, as found in buildings and 
industrial plants, is also used for structural purposes, as 
in hand railing, scaffolding, etc. This joint has been 
superseded for long transportation lines by the A.P.I. 
line-pipe joint and welded line-pipe joint. 

Flanged Joints — While only two types of flanged joints 
are illustrated in Figures 41 — 78 and 41 — 79, there are a 
number of other types of flanged joints that may be more 
suitably adapted to specific problems, and the fact that 
thf*y are not described or illustrated does not in any way 
detract from their recognized merits. 

Tlireadcd Flange Joint — Pipe to be fitted with standard 
screwed flanges is threaded to A.S.A. Standards (Briggs’ 
threads). The flanges for use with steel pipe are gen- 
erally manufactured from forged or alloy steel, depend- 
ing on the temperature and pressure to which they are 
to be subjected. Joints of this type (Figure 41 — 78) are 
used for power plants, refineries, etc., where working 
pressures of 1,500 pounds per square inch and tempera- 
tures of 1000 ® F arc quite common. 

Flanged Joint — Vanstone Type is illustrated in Figure 
41 — 79. Pipe for use with this and similar types of flanged 
joints is heated at the ends to forging temperature and 
upset or thickened by rolling back the metal. This is 
done to compensate for reduction in the metal thickness 
that would otherwise occur, when the pipe ends are 
flanged or rolled back to the position shown in Figure 
41 — 79. Since the rolled-back pipe ends are not faced, 
leakage is possible, and to avoid this, gaskets of softer 
material are inserted between the pipe ends when mak- 
mg up the joint. 

Expanded End for Welding and Double Expanded 
Ends for Welding— These types are illustrated by Figures 
41—80 and 41 — 81. The female or expanded ends for both 
joints are formed by the same machine that prepares the 
ends for Vanstone type or any other formed-end joint. 
The joint shown in Figure 41—80 is frequently used for 
long transportation pipe lines employing light pipe walls 
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subject to low pressures. Figure 41—80 is also repre- 
sentative of slip-joint casing. The joint is made up in the 
field with the female or expanded end held uppermost 
on the casing slips. The male end is lowered into the ex- 
panded end, held in as near correct alignment as possible, 
and quickly tack welded, after which the welding is 
completed by acetylene torch. The joints shown in 
Figures 41 — 81 and 41 — 82 are also recognized as stand- 
ards for welded pipe lines. Figure 41—81 shows ex- 
panded pipe ends fitted with a backing-up or chill ring 
which strengthens the joint and prevents the formation 
of metallic icicles when molten weld metal enters the 
space between the pipe ends and solidifies. The pipe ends 
are prepared for welding by thoroughly cleaning and 
removing any coating or dirt that would affect the 
quality of the weld, after which the ends are held by 
clamps in alignment with a specified gap between the 
ends; the pipe is then tack- welded, and, when in final 
position, welding is completed. Pipe may also be welded 
by placing a dolly having rollers mounted on it, under 
the pipe ends to be welded. The pipe may thus be rotated 
to facilitate welding. Plain-end pipe for welding is gen- 
erally furnished to A.P.I. Specification 5-L which re- 
quires a bevel angle of 30 degrees and Mfl-inch flat at 
the end of the pipe. Plain-end pipe beveled for welding is 
used extensively for power-plant work where high 
temperatures and pressures are encountered. The weld- 
ing is generally made either by the electric-shielded-arc 
or oxy-acetylene process, welding rods to suit the chem- 
ical and mechanical properties of the steel in the pipe 
being used. 

Dresser-Type Joint — ^This joint (Figure 41 — 83) has 
been frequently used for transportation of high-pressure 
natural gas, also for low-pressure oil and water lines. 
It is easily and rapidly assembled and is made leakproof 
by tightening the bolts, thus exerting pressure on the 
gaskets and in turn on the pipe perimeter. The two gas- 
kets are of rubber, or other suitable material, depending 
on the temperature to which the joint is to be subjected, 
and also upon the corrosive action of the fluid being 
carried in the pipe. The joint is designed to accommodate 
contraction or expansion due to temperature changes en- 
countered in the line, and will also take care of a certain 
amount of misalignment. The ends of the pipe for 
Dresser-type couplings are gaged to specified diameter 
and roundness tolerances to insure proper assembly in 
the field. 

Victaulic Joint — ^Like the Dresser- type joint, the 
Victaulic joint (Figure 41 — 84) is quickly assembled and 
designed to take up expansion or contraction due to 
normal temperature changes. This joint will also absorb 
a certain amount of angular misalignment. Figure 41 — 84 
shows the grooved-end type of joint, the pipe ends being 
grooved or machined out to provide a seat for the cou- 
pling. Other formed pipe ends used with Victaulic cou- 
plings are: 

1. The shouldered end. 

2. The expanded end. 

3. The folded-back end. 

Of these, the expanded end is most generally used. 
The pipe ends are expanded in an upsetting machine and 
finished to the specified dimensions. The joint is as- 
sembled by first lubricating the pipe ends, and then 
slipping the ring gasket over one pipe end, sifter which 
the second pipe end is brought into position and the ring 
moved over to cover both ends of pipe. The metal hous- 
ing or coupling, made in two sections, is mounted over 
the ring gasket so that it fits into the grooves or over the 
expanded or shouldered pipe ends, and is made leak- 
proof by tightening the bolts, thus forcing the gasket 
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Fig. 41—85. Rpe discharg- 
ing from a continuous 
galvanizing kettle. 



against the pipe face. As will be seen in tlie illustration, 
the gasket is so formed that pressure inside the pipe 
tends to increase the resistance to leakage. 

Galvanizing — ^The hot- dip process of galvanizing is 
widely used for applying zinc coating to steel pipe for 
protection from corrosion. The pipe is first thoroughly 
cleaned by washing in a water solution of caustic soda to 
remove all traces of oil, paint and grease. It is then 
pickled in a hot, dilute sulphuric-acid solution (contain- 
ing an inhibiting agent) to remove all rust and mill 
scale, after which it is washed free of adhering acid by 
immersing in a bath of fresh, clean water. The fluxing 
operation then follows and is accomplished by immersing 
the pipe in a hot solution of zinc ammonium chloride un- 
til the temperature of the pipe approximates that of the 
solution. Upon removal from the fluxing tank, the pipe 
is thoroughly drained, then placed on the charging table 
of the galvanizing kettle where it is introduced into a 
bath of molten zinc maintained at a temperature of about 
870 • F. When the pipe has been immersed for a time 
sufficient to permit its temperature to reach that of the 
molten zinc, it is withdrawn slowly in an inclined posi- 
tion to permit the excess zinc to drain from both the in- 
side and outside. It is then conveyed through the cooling 
tanks, at which time it is given a special chromate treat- 
ment which aids in preserving the bright, metallic ap- 
pearance of the zinc coating. 

Several methods are employed for processing pipe 
throu^ the galvanizing ketUe. An outstanding develop- 
ment is the continuous method of processing pipe in the 
size range %-inch to 2 inches inclusive, whereby the pipe 
are handled on a series of spiral-groove rolls which rotate 


tlie pipe with u t>crew-feed motion, imparting forward 
and lateral travel through the galvanizing kettle (Figure 
41 — 85) . This is accomplished by automatically charging 
the pipe on an inclined table equipped with spiral- 
groove rolls, the pipe moving on a downward slope of 
approximately 10 degrees and entering the kettle at the 
corner of one end. The pipe continues downward into 
the kettle until it is completely immersed, the direction 
of slope is changed from downward to upward by pivot- 
ing the pipe on the center roll. The pipe continues 
traveling forward and laterally, leaving the kettle at the 
diagonally opposite comer. A low-pressure air blast is 
directed on the pipe on the outgoing table, as it emerges 
from the kettle, to set the coating and maintain a smooth 
surface and bright luster. The pipe is then discharged 
into a tank containing a dilute solution of sodium 
dichromate. 

The continuous method of galvanizing pipe has the 
advantage of a high production rate and uniform and 
closely controlled operation, %-inch standard pipe, for 
example, being galvanized at a rate of 1250 pieces per 
hour. With bath temperature and immersion time closely 
controlled, a decided improvement is obtained in the 
uniformity of the inside and outside coating of the pipe- 
A full coating is also obtained, as the pipe is not wiped. 
This provides a surface coating of almost pure zinc which 
is believed to have corrosion resistance superior to pipe 
which has been wiped. 

Galvanized pipe in sizes over 2 inches is processed by 
the batch method wherein the pipe is charged into the 
galvanizing kettle in batches, the amount of the batch 
depending on the size of the pipe being processed. In 
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this process, the pipe are submerged by a sinking-arm 
arrangement and after a short interval are withdrawn 
from the kettle by a magnet, the pipe being pulled out 
of the kettle on an inclined plane to provide drainage of 
the excess zinc from the inside and outside surface. No 
vviping operation is normally employed on pipe proc- 
essed by the batch method; however, in galvanizing pipe 
in sizes smaller than ^^-inch or pipe requiring an ex- 
ceptionally smooth surface and a minimum weight of 
coating, the pipe is withdrawn from the kettle on single- 
draw magnetic rollers, the excess zinc being air-wiped 
from the outside and blown from the inside surface dur- 
ing withdrawal. 

Value of Zinc Coating for Pipe— Though zinc coating 
is readily soluble in dilute acids, strong alkalies and 
some mineral -salt solutions, galvanizing affords effective 
protection against ordinary atmospheric corrosion, be- 
cause the zinc, when exposed to the air, immediately re- 
acts with oxygen to form zinc oxide. This reaction 
progresses only to a limited extent, however, for the 
oxide remains as a thin film on the surface of the zinc 
coating, and protects the zinc from further oxidation. 
Since this oxide is insoluble in water and since the film 
adheres rather tenaciously to the zinc, it protects the 
underlying coating of zinc against all ordinary types of 
weathering, and as long as the zinc remains intact, the 
steel beneath is secure from corrosive action. If the zinc 
coating is broken, by bending or abrasion, and the un- 
derlying steel is exposed to corrosive influences, the zinc 
will still afford considerable protection. Being electro- 
positive to the steel, the zinc is dissolved instead of the 
steel as long as any zinc remains closely adjacent to the 
exposed steel. In imderground piping, where the pipe is 
in direct contact with the earth, galvanizing is not gen- 
erally suitable as protection against corrosion, because 
it may be quickly destroyed either by certain acids or by 
certain alkali substances in the soil. 
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Fic. 42»2. The microstructure of slowly cooled hypo- 
eutectoid steel showing ferrite and pearlite. Magniflca> 
tion: lOOX. 


ents which are being discussed. It is a homogeneous 
phase, consisting of a solid solution of carbon in the 
gamma form of iron. It is formed when steel is heated 
to a relatively high temperature, say above 1450 ® F, 
(788 • C) . The limiting temperatures for the formation 
of austenite vary with composition and will be discussed 
in connection with the iron-carbon diagram. The metal- 
lographic appearance of austenite is shown in Figure 
42 — 7, which represents a sample of an alloy steel which 
has been very rapidly cooled from the temperature 
range at which the austenite is stable, the steel being 
high enough in alloy content to make possible the re- 
tention of austenite structure at room temperature. 

The atomic structure of austenite is that of gamma 
iron — ^face-centered cubic — and the atomic spacing 
varies with the carbon content. 

Pearlite — ^When a plain carbon steel of approximately 
0.80 per cent carbon is cooled slowly from the tempera- 
ture range at which austenite is stable, all of the ferrite 



Fig. 42—4. The atomic structure of cementite. 
Positions of carbon atoms are indicated by solid 
circles; positions of iron atoms by open circles. 
(Hendricks, S. B.: Zeitschrift fur Kristal- 
lographie. Vol. 74 (1930), 534-545.) 

and cementite precipitate together in a characteristic 
lamellar structure known as pearlite. This structure is 
illustrated in Figure 42 — 8. It is generally similar in its 
characteristics to an eutectic structure but since it is 
formed from a solid solution rather than from a liquid 
phase, it is known as an eutectoid structure. 

At carbon contents above and below 0.80 per cent, 
pearlite of about 0.80 per cent carbon is likewise formed 
on slow cooling, but the excess ferrite or cementite first 
precipitates usually as a grain boundary network, but 
occasionally also along cleavage planes of the austenite. 
This excess ferrite or cementite rejected by the cooling 
austenite is known as a proeutectoid constituent. The 
carbon content of a slowly-cooled steel can be esti- 
mated from the relative amoimts of the pearlite and 
proeutectoid constituents in the microstructure. 
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Fro. 42--5. The microstructure of slowly cooled, high- 
carbon steel showing pearlite with cementite in the grain 
boundaries. Magnification: lOOOX. 

The Iron-Carbon Equilibrium Diagram— The iron- 
carbon equilibrium diagram furnishes a “map” showing 
the ranges of compositions and temperatures within 
which the various phases are stable and the boundaries 
at which phase changes occur. Although heat treatment 
is largely concerned with a controlled departure from 
equilibrium, this diagram represents the limiting con- 
ditions and is basic to an understanding of heat-treating 
principles. 

The iron-carbon equilibrium diagram is depicted in 
Figure 42 — 9. This diagram, covering, as it does, the 
temperature range from room temperature to the melt- 
ing point of iron and carbon contents of from 0 to 5 per 
cent represents the equilibrium conditions for the entire 
range of steels and cast irons in both the liquid and solid 
states. Use of this diagram in ensuing discussions in- 
volves two constituents, ledeburite and graphite, which 
have not been mentioned up to this point. Although 



42—4. Micrograph diowing spharoidized cementite 
iu matrix of ferrite. Magniflcetion: lOOQX. 
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Fig. 42—7. The microstructure of austenite. Magnifica- 
tion: 500X. 

these are not ordinarily constituents of steels, their 
characteristics will be briefly discussed at this point. 

Ledeburite — ^Ledeburite is the metallographic term for 
the iron-iron carbide eutectic, containing 4.3 per cent 
carbon. This eutectic is a constituent of iron-carbon 
alloys containing more than 2.0 per cent carbon and for 
this reason the dividing line between steels and cast 
iron is customarily set at 2.0 per cent carbon. The metal- 
lographic appearance of ledeburite in cast iron is shown 
in Figure 42—10. 

Graphite — Cementite is unstable over certain ranges 
of composition and temperature and decomposes into 
iron and graphite. Thus, in most slowly-cooled cast 
irons, graphite is an equilibrium constituent at room 
temperature. The gray appearance of the fracture of 
such slowly-cooled cast irons reflects the presence of 
the graphite and the metallographic appearance of 
graphite in gray cast iron is shown in Figure 42 — 11. 



Fio. 42—8. The microstructure of pearlite. Magnification: 
lOOOX. 
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Fig. 42—9. The iron-carbon equilibrium diagram, for carbon contents up to 5 per cent. 
From **Metals Handbook*' (American Society for Metals) , 1948 Edition; page 1182. 


Graphite may, imder certain conditions, be a constituent 
of steels and the metallographic appearance of graphite 
in a low-carbon steel whidh has been subjected to a 
prolonged heating at a temperature below that at which 
austenite is formed is illustrated in Figure 42 — 12. 

The Iron-Iron Carbide Equilibrium Diagram for 
Steels — The portion of the iron-iron carbide diagram of 
concern in connection with the heat treatment of steel is 
that part extending from 0 to 2.0 per cent carbon. The 
general features of this diagram (Figure 42 — 0) will be 
discussed and its application to heat treatment will be 


illustrated by considering the changes occurring on 
heating and cooling steels of selected carbon contents 
as depicted by the diagram. 

Critical Temperatures — In Table 42 — I, iron is listed as 
occurring in two allotropic forms, alpha or delta (th<* 
latter at very high temperature) and gamma. The tem- 
peratures at which these phase changes occur are known 
as critical temperatures and the boundaries in Figure 
42—9 show how these temperatures are affected by 
composition. For pure iron, these temperatures are 
1670 '’F (910 **C} for the alpha-gamma phase change 
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Fig. 42—10. The microstructure of ledeburite. Magnifica- 
tion; 150X. 

and 2552 ® F (1400 ® C) for the gamma-delta phase 
change. The critical temperatures on heating are desig- 
nated as Ac (from the French ‘‘chauffage,” meaning 
“heating”) temperatures, while those on cooling are 
designated as Ar (from the French “refroidissement,” 
meaning “cooling”) temperatures. Although, in princi- 
ple, the transformations A* and A, result from the same 
temperature of equilibrium, in practice, the Ar tem- 
peratures are lower than the corresponding Ac tem- 
peratures, falling as the cooling is more rapid; even with 
very slow heating or cooling these temperatures do not 
coincide and, therefore, the subscript “e” (for equilib- 
rium) is used in the designation of the critical temper- 
atures in the equilibrium diagram. The meaning and 
significance of the critical temperatures will be clarified 
in the following discussion of the changes occurring on 
heating and cooling iron-carbon alloys as depicted by 
the equilibrium diagram. 



Fia. 42 — ^11, The microstructure of gray cast iron diow- 
^8 graphite flakes. Magnification: lOOjC 


Fig. 42—12. Micrograph showing graphite particles in low- 

carbon steel. Magnification; lOOX. 

Changes Occurring on Heating and Cooling Pure 
Iron — The only changes occurring on heating or cooling 
pure iron are the reversible changes, (1) at about 
1670 ® F from body-centered alpha iron to face-centered 
gamma iron and (2) from the face-centered gamma iron 
to body-centered delta iron at about 2552 ® F. 

Changes Occurring on Heating and Cooling Hypo- 
eutectoid Steels — Hypoeutectoid steels are those which 
contain less than the eutectoid percentage of carbon 
(0.80 per cent). The diagram shows the equilibrium 
constituents are ferrite and pearlite, the relative 
amounts of each depending upon the carbon content. 
The diagram also shows that at 1112 ® F the ferrite may 
hold in stable solution about 0.007 per cent carbon. At 
temperatures up to 1333 * F, the solubility of carbon in 
the ferrite increases until at this temperature, the ferrite 
contains about 0.025 per cent carbon. The first phase 
change on heating (if the steel contains above 0.025 per 
cent carbon) occurs at 1333 ® F and this temperature is 
therefore designated as the Ai critical temperature. On 
heating just above this temperature, the pearlite (ferrite 
and cementite) all changes to austenite. Some pro- 
eutectoid ferrite, however, remains unchanged. As we 
heat to temperatures farther above the Ai temperature, 
the austenite dissolves more and more of the surround- 
ing proeutectoid ferrite, becoming lower and lower in 
carbon, until at the A* temperature, the last of the pro- 
eutectoid ferrite has been absorbed into the austenite 
having the same average carbon content as the steel. 

On slow cooling the reverse changes occur. The aus- 
tenite first rejects ferrite (generally at grain boimdaries) 
on cooling below At and becomes progressively richer 
in carbon, until, just above the Ai (eutectoid) temper- 
ature, it is substantially of eutectoid composition. On 
cooling below Ai, this eutectoid austenite changes to 
pearlite so that the final product after cooling below Ai 
is a mixture of ferrite and pearlite, the relative propor- 
tions of each constituent depending upon the carbon 
content. 

Changes Occurring on Heating and Cooling Eutectoid 
Steels— ‘Since no excess ferrite or cementite is present 
in eutectoid steel, the only change occurring on slow 
cooling or heating is the reversible change from pearlite 
to austenite at the eutectoid temperature. Thus, in the 
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case of eutectoid steels, the A* and Ai temperatures 
coincide and this eutectoid composition and temper- 
ature is designated as the A».i point. 

Changes Occurring on Heating and Cooling Hyper- 
eutectoid Steels — ^The behavior on heating and cooling 
hypereutectoid steels (steels containing more than 0.80 
per cent carbon) is similar to that of hypoeutectoid 
steels except that the excess constituent is cementite 
rather than ferrite, so that on heating above Ai, the 
austenite gradually dissolves the excess cementite until 
at the Acm temperature all of the proeutectoid cementite 
has been dissolved and austenite of the same carbon 
content as the steel is formed. Similarly, on cooling be- 
low Af, cementite precipitates and the carbon content of 
the austenite approaches the eutectoid composition. On 
cooling below At, this eutectoid austenite changes to 
pearlite and the room temperature constitution is, there- 
fore, pearlite and proeutectoid cementite. 

The Aa Formerly Designated Critical Temperature— 
The diagram of Figure 42—9 shows a dotted line at 
1414 ® F. This behavior differs from those at the Ai and 
As temperatures in that it does not involve a phase 
change. In the neighborhood of 1414 * F and up to about 
1454 ® F there is a gradual magnetic change, the ferrite 
being ferromagnetic below this temperature range, and 
paramagnetic above. The change is also accompanied by 
a heat effect. This Aa change is of little or no significance 
in regard to the heat treatment of steel. 

The Effect of Alloys on the Equilibrium Diagram — ^The 
iron-carbon diagram may, of course, be profoundly 
altered by alloying elements, and, therefore, its applica- 
tion should be limited to plain carbon and low-alloy 
steels. The most important general effects of the alloying 
elements may be listed as follows: 

1. The number of phases which may be in equilibrium 
is no longer limited to two as in the iron-carbon dia- 
gram. 

2. The temperature and composition range, with re- 
spect to carbon, over which austenite is stable may be 
increased or reduced. 

3. The eutectoid temperature and composition may be 
changed. 

The alloying elements may be divided generally into 
two classes in respect to the second effect: those which 
enlarge the austenite field and 'those which reduce it. 
The elements which enlarge this field include manga- 
nese, nickel, cobalt, copper, carbon and nitrogen. Be- 



Fzo. 42—13. Section of the Fe*^-Mn equilibrium diagram 
at 13 per cent manganese content From **Metal8 Hand- 
book** (American l^iety for Metals), 1948 Edition; page 
1252. 


cause of this characteristic, elements of this type are 
descriptively known as austenite formers. Figure 42— .13, 
which shows the 13 per cent manganese section of the 
iron-carbon-manganese equilibrium diagram, is illus- 
trative of the effect of elements of this type. The large 
field in which austenite is stable, the lowering of the 
eutectoid temperature and carbon content, and the 
three-phase field in which alpha iron, austenite and 
carbides exist in equilibrium should be noted. 

The commoner elements which decrease the ‘‘size” 
of the austenite field include chromium, silicon, molyb- 
denum, tungsten, vanadium, tin, , columbium, phos- 
phorus, aluminum and titanium. Such elements are 
known as ferrite formers. Figure 42 — ^14 showing the 



Fic. 42 — ^14. The effect of molybdenum on the composition 

and temperature range over which austenite is stable 

(After Bain.) 

effect of molybdenum on the composition and tempera- 
ture range over which austenite is stable will serve to 
illustrate the effect of alloys of this type. These steels 
will likewise have the three-phase zone in which aus- 
tenite, ferrite and carbides will be in equilibrium at tem- 
peratures below the austenite field. 

The effect of the elements on the eutectoid temper- 
ature and composition is summarized in Figure 42—15. 
It will be noted that manganese and nickel lower the 
eutectoid temperature while the other elements gener- 
ally raise it. All of the elements seem to lower the 
eutectoid carbon content. 

Grain Size— As described above, when a piece of steel 
is heated above the critical temperature, the ferrite and 
carbide react with one another to form austenite. The 
austenite is a crystalline phase differing distinctly from 
either the ferrite or carbide from which it is formed. 
Like any metal composed of a solid solution, it exists in 
the form of polyhedral grains. The reaction which forms 
austenite begins at a number of points in the interface 
of the carbide and ferrite. Each of the little islands of 
atistenite grows until finally it reaches its similarly 
growing neighbors. As the temperature above the critical 
increases, further grain growth occurs, presumably by 
encroachment of a grain into adjacent grains. The final 
austenite grain size is, therefore, a function of the tem- 
perature above the critical to which it is heated. This 
grain growth may, however, be inhibited by carbides 
which dissolve slowly or remain undissolved in the aus- 
tenite or by a suitable dispersion of non-metallic inclu- 
sions. Hot working refines the coarse grain size formed 
by heating to the relatively hi|^ temperatures used in 
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Fig. 42—15. Eutectoid composition and temperature as influenced by several alloying ele- 
ments. (After Bain.) 


forging or rolling and the grain size of hot-worked 
products is determined largely by the finishing tem- 
perature, that is, the temperature at which the final stage 
of the hot-working process is carried out. 

Grain Size and Properties — The coarseness of the 
ferritic and pearlitic “grains” in the cooled steel reflects 
the grain size of the atistenite prior to its transformation 
and the properties of the product are profoundly in- 
fluenced by its grain size. The genewal effects of the 
austenite grain size are summarized in Table 42—11. 


Determination of Grain Size — Grain size is custom- 
arily determined by viewing a polished plane section, 
prepared in such a way as to delineate the grain 
boundaries, under a microscope. The grain size is then 
determined by comparing the size of the outlined grains 
with a standard chart,* known as the A.S.T.M. standard 
grain-size chart. Two of the three most common 
methods of delineating the grain boundaries are to cool 

* Metals Handbook (1948), pages 401-403. American Society 
for Metals, Cleveland, Ohio. 


Table 42—11. Trends in Heat-Treated Products 


Property 

Hardenabllity 
Toughness 
Distortion 
Quench Cracking 
Internal Stress 


Machinability (Rough) 
Machinability (Fine Finish) 


Coarse-Grain Austenite 


Deeper Hardening 
Less Tough 
More Distortion 
More Prevalent 
Higher 

For Annealed or Normalized Products 
Better 
Inferior 


Fine-Grain Austenite 


Shallower Hardening 

Tougher 

Less Distortion 

Less Prevalent 

Lower 


Inferior 
* Better 
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Table 42-— m. Comparison ol Systems for Reportinf 
Grain Stie 


A.S.T.M. 

No. 

Grains 
per sq. in. 
of Image 
at 100 X 

Grains 
per sq. 
mm. 

Grains 
per cu. 
mm. 

' —3 

0.06 

1 

0.7 

—2 

0.12 

2 

2 

—1 

0.25 

4 

5.6 

0 

0.5 

8 

16 

1 

1 

16 

45 

2 

2 

32 

128 

3 

4 

64 

360 

4 

8 

128 

1020 

5 1 

16 

256 

2900 

6 

32 

512 

8200 

7 

64 

1024 

23000 

8 

128 

2048 

65000 

9 

256 

4096 

185000 

10 

512 

8200 

520000 


the steel from its austenitizing temperature in such a 
way that the shape of the original austenite grains is 
outlined by (1) a grain-boundary network of ferrite 
in the case of hypoeutectoid steels, or (2) a grain- 
boundary network of cementite in the case of h 3 rper- 
eutectoid steels. In the third method (3) the steel is 


quenched to its full hardness and a polished section is 
etched with a special reagent which will disclose orien- 
tation differences in the martensite grains formed from 
the austenite on quenching. The index numbers of the 
standard grain-size chart represent by far the most com- 
mon method of expressing grain size. These numbers 
are tabulated in Table 42—111 together with the cor- 
responding dimensions. 

Fine- and Coarse-Grain Steels— As was mentioned 
previously, austenitic-grain growth may be inhibited by 
undissolved carbides or by a suitable distribution of 
non-metallic inclusions. Steels of this type are com- 
monly referred to as inherently fine-grained or simply 
as fine-grained steels, while steels which are free from 
these grain growth inhibitors are known as coarse- 
grained steels. 

The general pattern of grain coarsening in steels of 
the coarse- and fine-grained types on heating above the 
critical temperature is illustrated in Figures 42 — 16 and 
42—17. It will be noted that the coarse-grained steel 
coarsens gradually and consistently as the temperature 
is increased, while the fine-grained steel coarsens only 
slightly, if at all, until a certain temperature is reached, 
above which an abrupt coarsening occurs. This tem- 
perature is known as the coarsening temperature. It 
should further be noted that either type of steel may be 
heat treated so as to be either fine or coarse grained, 
and as a matter of fact, at temperatures above its coars- 
ening temperature, the fine-grained steel will usually 
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Fig. 42—16. Grain size as a function of austenitizing temperature for inherently 
coarse-grained steels. (After Bain.) 



8 


HEAT TREATMENT 


797 


7 


6 


5 


4 


3 


2 


I 


0 




2 I I > ' * ' ‘ ' ' 

1400 1600 1800 2000 
HEATING TEMPERATURE- DEGREES FAHRENHEIT. 




Fig. 42—17. Grain size as a function of austenitizing temperature for an in- 


herently fine-grained steel (schematic) 

exhibit a coarser grain size than the coarse-grained steel 
at the same temperature. 

The usual method of making steels which remain fine 
grained at 1700 ® F (A.S.T.M. E19-46) involves the judi- 
cious use of aluminum deoxidation. The inhibiting agent 
in such steels is generally conjectured to be a submicro- 
scopic dispersion of aluminum nitride or, perhaps at 
times, aluminum oxide. 

THE TRANSFORMATION OF AUSTENITE 
Thus far, this chapter has largely been concerned with 
equilibrium conditions. Under equilibrium conditions, 
that is, with very slow cooling, it has been shown that 
austenite transforms to pearlite when it is cooled below 
the Ai critical temperature, and at a temperature only 
a little below the Aei temperature. When more rapidly 
cooled, however, this transformation is depressed and 
does not occur imtil a lower temperature is reached. The 
faster the cooling rate, the lower is the temperature at 
which transformation occurs. Furthermore, the nature 
of the ferrite-carbide aggregate formed when the aus- 
tenite transforms varies markedly with the temperature 
of transformation and the properties are found to vary 
correspondingly. Thus, heat treatment is seen to involve 


. (After Bain.) 

a controlled supercooling of austenite, and in order to 
take full advantage of the wide range of structures and 
properties which this permits, a knowledge of the trans- 
formation behavior of austenite and the properties of 
the resulting aggregates is essential. 

Isothermal Transformation Diagrams — ^The transfor- 
mation behavior of austenite can best be studied by a 
technique developed at the United States Steel Corpora- 
tion Fundamental Research Laboratory in 1930. This 
involves studying the transformation behavior at a series 
of temperatures below Ai, by quenching small samples 
to the desired temperature in a liquid bath, allowing 
them to transform isothermally and following the prog- 
ress of the transformation metallographically or by 
dilatometric measurements. This procedure not only 
gives a picture of the rates of transformation at the vari- 
ous temperatures, but also furnishes information as to 
the metallographic structures characteristic of the vari- 
ous temperatures of transformation and permits a deter- 
mination of the properties of these individual micro- 
structures. 

The general pattern of this transformation behavior 
at a single temperature is shown in Figure 42— 18, It wOl 
be seen that there is first a period of time before any 
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Fig. 42—18. Transformation behavior at a single temperature in a series of 
manganese steels of about 0.55% carbon content. (After Bain.) 


transformation starts. This period is sometimes spoken 
of as an incubation period. The incubation period pre- 
sumably represents the period at the start of transfor- 
mation when the volume of transformed phase around 
each nucleus is increasing very slowly. The transforma- 
tion accelerates as it progresses so that the fastest trans- 
formation rate corresponds to about 50 per cent trans- 
formation. The rate then slows down again and the 
transformation goes to completion rather slowly. This 
general pattern is characteristic, but the rates them- 
selves will vary with the temperature of transformation 
and, as will be shown later, with the composition and 
grain size of the austenite. 

It has become customary to present data obtained in 
this manner as a plot, with the times required for the 
beginning and completion (and a few other stages) of 
the transformation as the abscissa and temperature as 
the ordinate. Such a diagram is known as an isothermal 
transformation diagram. 

An isothermal transformation diagram for an eutec- 
toid plain carbon steel, together with the hardness 
values and microstructures characteristic of transfor- 
mation at the various temperature levels, is shown in 
Figure 42 — ^19. It will be noted that the diagram has a 
nose or temperature of most rapid transformation at 
about lOOO • P. The transformation rate at temperatures 
near the Ai is very slow and it is likewise relatively 
slow at a lower temperature range. 

Transformation to Pearlite— Transformation over the 
temperature range of about 1300 • to 1000® F (in carbon 
and low-alloy steels) forms pearlitic microstructures 
and the characteristic lamellar appearance of these 
structxires is apparent in the photomicrographs. It will 
also be noted that as the transformation temperature de- 
creases, the lamellae become more closely spaced, so 
that as transformed at 1000 ® F they can hi^dly be re- 
solved by the microscope. The hardness is also seen to 
increase as the lamellar spacing becomes smaller. 

Transformation to Bainito— Transformation to bainite 
occurs over the temperature range of about 1000* to 
450 *F. The bainitic microstructures differ markedly 
from pearlitic in that they are acicular in nature. Here 
again, the hardness increases as the transformation tem- 


perature decreases, though the bainite formed at the 
highest possible temperature is often softer than pearlite 
formed at a still higher temperature. 

Transformation to Martensite — ^Transformation to 
martensite, which in this steel occurs at temperatures 
below 450 ® F, differs from transformation to pearlite or 
bainite in that it is not time dependent, but occurs al- 
most instantly during cooling and the percentage of 
transformation is dependent only on the temperature to 
which it is cooled. Thus, in this steel, transformation to 
martensite will start on cooling to 450 ® F (designated as 
the Ml temperature), will be 50 per cent complete on 
cooling to about 300 ® F, and will be essentially com- 
pleted at about 200 ® F (designated as the Mf tempera- 
ture). The microstructure of martensite is likewise 
acicular but it is generally lighter etching than bainite. 
It is the hardest of the transformation products of aus- 
tenite. It is possible to form a little martensite at, say, 
425 ® F and then to cause bainite to form thereafter iso- 
thermally. 

MICROSTRUCTURE AND 
MECHANICAL PROPERTIES 

The dependence of the properties of steel upon its con- 
stitution has been emphasized in this chapter and, as 
would be expected, the properties of steel vary with 
the temperature at which the austenite transforms in 
accordance with the corresponding microstructural 
changes. 

The microstructures discussed above fall into three 
general classes: pearlite, bainite, and martensite. In dis- 
cussing the relationships between miscrostructure and 
properties, a fourth class of microstructure, tempered 
martensite, must also be considered. This is the structure 
formed when martensite is reheated to a subcritical 
temperature after quenching. Its microscopic appearance 
in a polished and etched specimen is illustrated in 
Figure 42— 20. The general effect of tempering martensite 
is to precipitate and coagulate the carbide particles, so 
that tempered martensite microstructures consist of 
carbide particles dispersed in a ferrite matrix. The steel 
in this illustration has been tempered at a relatively high 
temperature and some tendency for the particles to as- 
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Fig. 42 — 20. The microstructure of tempered martensite. 
Tempering temperature, 1022 ® F (550 ® C) . Magnification: 
2000X. 


sumc a spheroidal form can be noted. This microstruc- 
ture, consisting of spheroid ized or partially spheroidized 
carbides in a ferrite matrix is, as might be expected, a 
very favorable one in respect to ductility. 

Each of these types of microstructures has character- 
istic properties typical of the class but the properties of 
pearlite and bainite also each vary quite widely with 
transformation temperature. 

Properties of Pearlite — In any steel, the pearlites are, 
as a class, softer than the bainites or martensites. In 
general, even though softer, they are less ductile than 
the lower temperature bainites and for a given hardness 
they will be far less ductile than tempered martensite. 


As the transformation temperature decreases within the 
pearlite range, the inter-lamellar spacing decreases, as 
was described above, and these “fine'* pearlites, formed 
near the nose of the isothermal diagram, are both harder 
and more ductile than the “coarse” pearlites formed at 
higher temperatures. Thus, although, as a class, pearlite 
tends to be soft and not exceedingly ductile, its hardness 
and toughness both increase markedly with decreasing 
transformation temperatures. 

Properties of Bainite— In a given steel, bainitic micro- 
structures will generally be found both harder and 
tougher than pearlite, although the hardness will be 
lower than that of martensite. Within the class, as with 
pearlite, the properties generally improve as the trans- 
formation temperature decreases and “lower” bainite 
will compare favorably with, or exceed in toughness, 
tempered martensite at the same hardness. “Upper” 
bciinite, on the other hand, may be somewhat deficient 
in toughness as compared with fine pearlite at the same 
hardness. 

The properties of pearlite and bainite in an eutectoid 
steel are summarized in Figure 42 — 21. 

Properties of Martensite — Martensite is the hardest 
and likewise the most brittle of the microstructures ob- 
tainable in a given steel. The hardness of martensite as a 
function of carbon content is shown in Figure 42 — 22. 
The hardness of martensite, at a given carbon content, 
varies somewhat with the cooling rate and this figure 
shows both the maximum hardness obtainable with very 
rapid cooling and the average hardness values which 
might be expected in practice. 

Although, for some applications, particularly those in- 
volving wear resistance, the high hardness of martensite 
is desirable in spite of the accompanying brittleness, the 
principal importance of this microstructure is as the 
starting material for tempered martensite structures, 
which latter have definitely superior properties. 

Properties of Tempered Martensite — Tempered mar- 
tensitic structures are, as a class, characterized by rela- 
tively high toughness at any strength level. Their prop- 
erties are illustrated in Figure 42—23. This chart 
designates, within plus or minus 10 per cent, the usual 
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Fig. 42—22. The hardness of martensite as a function of carbon content. 


mechanical properties of any steel with this microstruc- 
ture, regardless of composition. Because of its high duc- 
tility at a given hardness, this is the structure that is 
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Fig. 42—23. The properties of tempered martensite. 


aimed for in heat treating for toughness by quenching 
and tempering. 

FACTORS AFFECTING TRANSFORMATION 
RATES 

The major factors affecting the rates of transformation 
of austenite are its composition, grain size, and homo- 
geneity. In general, increasing carbon and alloy content 
tend to decrease transformation rates. Increasing the 
grain size of the austenite likewise tends to decrease 
transformation rates. 

Effect of Carbon Content — ^The effect on the transfor- 
mation rates of decreasing the carbon content of a plain 
carbon steel is illustrated by comparison of Figure 
42 — 24, which shows the isothermal transformation dia- 
gram for a 0.35 per cent carbon steel, with that for the 
eutectoid steel shown in Figure 42 — 19. It will be noted 
that the effect of lowering the carbon content has been 
to shift the lines of the diagram to the left, that is, 
toward more rapid transformation rates. This diagram 
differs from that for the eutectoid steel also in that the 
transformation to pearlite is preceded by a precipitation 
of ferrite and the diagram, therefore, shows a line desig- 
nating the time for the initiation of this ferrite precipita- 
tion at the temperature levels wherein this separation 
precedes the formation of pearlite. 

Effects of Alloys — ^Figure 42 — 25 shows an isothermal 
transformation diagram for a 0.35 per cent carbon, 1.85 
per cent manganese steel. Comparing this with the lower 
manganese steel (Figure 42 — 24), it will be noted that 
the entire curve has been displaced to the right; that is, 
transformation at all temperature levels starts later and 
is slower to go to completion. This is characteristic of the 
effect of alloys in solution in the austenite; in general, 
increased alloy content delays the start of transforma- 
tion and increases the time for its completion. 

Although alloy additions tend in general to delay the 
start of transformation and to increase the time for its 
completion, they differ greatly, nevertheless, in both the 
magnitude and the nature of their effects. Figure 42 — 26 
represents the isothermal transformation diagram for a 
0.33 per cent, carbon, 0.45 per cent manganese, 1.97 per 
cent chromium steeL By comparison with the plain car- 
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Fig. 42 — ^28. Comparison of the effect of grain size on the isothermal transformation of an SAE 4140 alloy steel, contain- 
ing 0.37% carbon, 0.77% manganese, 0.98% chromium and 0.21% molybdenum. 


bon steel (Figure 42 — 24) , it will be noted that the effect 
of the chromium has been, not only to move the curve 
to the right, but also to change the shape of the curve. 
The time for beginning of transformation in the pearlite 
region has been greatly increased, while that for the be- 
ginning in the bainite region has been only moderately 
increased. Thus the diagram now has two “noses” (or 
time minima), one in the temperature region of trans- 
formation to pearlite and the other in the bainite re- 
gion. 

Figure 42 — 27 represents the isothermal transforma- 
tion diagram for a more-complex alloy steel. This steel 
(SAE 4340) contains 0.42 per cent carbon, 0.78 per cent 
manganese, 1.79 per cent nickel, 0.80 per cent chromium 
and 0.33 per cent molybdenum. It will be noted that the 
effect of the addition of moderate amounts of these 
several alloying elements has been to displace the curve 
even farther to the right than that of the 2 per cent 
chromium steel (Figure 42 — 26). This is characteristic 
of the effect of alloys; relatively small amounts of sev- 
eral alloying elements are more effective in decreasing 
transformation rates than are larger amounts of a single 
alloy, i.e., more retarding than if they were merely addi- 
tive. 

Summarizing the effects of alloying elements on trans- 
formation behavior, it can be seen that the general effect 
of increasing the alloy content is to delay both the start 
and the completion of transformation and that the effect 
of alloy additions is cumulative. The effects of alloying 
elements, however, differ greatly both in magnitude and 
in specific effects on transformation in different tem- 
perature regions, so that a precise prediction of the effect 
of a given alloy combination is not yet quite possible. 

Effect of Grain Size— The effect of increasing the grain 
size of the austenite is similar to that of alloys; it delays 
both ^e start and completion of the transformation. This 
is illustrated by Figure 42 — ^28, which shows the iso- 
thermal transformation diagrams for the same alloy steel 
with both fine- and coarse-grained austenite. 

Meet of Homogeneity of Austenite— The general ef- 
fect of inhomogeneous austenite will be to speed up the 
start of transformation. This occurs because the initial 


transformation will occur in the portions of the austenite 
which are “leaner” in alloy. In addition, undissolved 
carbides may act as nuclei for transformation, thereby 
hastening the start of transformation. 

TRANSFORMATION ON CONTINUOUS COOLING 

The preceding section has described the manner in 
which the microstructure and, therefore, the properties 
of steel vary with tlie temperature of transformation, 
and has shown how the isothermal transformation be- 
havior governing these microstructural changes can be 
studied and depicted as isothermal transformation dia- 
grams. The factors affecting transformation character- 
istics have been enumerated and the nature of their 
effects described. The composition of the steel, partic- 
ularly in respect to the alloying elements, has been 
shown to be the major factor, and the effects of austenite 
grain size and homogeneity have also been described. 
Thus, the basic information about the transformation 
behavior of a steel is fully described by the isothermal 
transformation diagram. 

This basic information tells what structure is formed 
at each reaction temperature, if the cooling is inter- 
rupted so that the reaction goes to completion at that 
temperature. The information is equally useful for in- 
terpreting behaviors when the cooling proceeds directly 
without interruption, as is the case in the industrial 
processes of annealing, normalizing and quenching. In 
these industrial processes, the time at a single tempera- 
ture is generally insufficient for the reactions to go to 
completion at such a single temperature; instead, the 
end structure consists of an association of microstruc- 
tures which individually were formed at successively 
lower temperatures as the piece cooled. But the tend- 
ency to form the several structures is still explained by 
the isothermal diagram. 

The final microstructure after continuous cooling will 
obviously depend upon the times spent at the various 
transformation temperature ranges through which the 
piece is cooled. The transformation behavior on con- 
tinuous cooling thus represents an integration of these 
times and this integration can be carried out by the 
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Fig. 42 — 29. Continuous-cooling transformation diagram for a 4340-type alloy steel, with 
superimposed cooling curves illustrating the manner in which transformation behavior 
during continuous cooling governs final microstructures. 


method developed by Grange and Kiefer at the U. S. 
Steel Fundamental Research Laboratory, By this 
method, a continuous-cooling diagram generally similar 
to the isothermal transformation diagram, but depicting 
the transformation behavior on cooling at a series of 
constant cooling rates, can be constructed. 

Such a diagram for an alloy steel is shown in Figure 
42 — 29. This continuous-cooling diagram lies below and 
to the right of the corresponding isothermal diagram. 
That is, transformation on continuous cooling will start 
at a lower temperature and after a longer time than the 
intersection of the cooling curve and the isothermal dia- 
gram would predict, and this displacement is a function 
of the cooling rate, being larger as the cooling rate in- 
creases. 

In order to illustrate the manner in which the trans- 
formation behavior on continuous cooling will govern 
the final microstructures, several cooling-rate curves 
have been superimposed on this diagram. A considera- 
tion of the changes occurring during these various cool- 
ing cycles will serve to illustrate the manner in which 
diagrams of this nature can be correlated with heat- 


treating practice and used to predict the resulting micro- 
structure. 

Considering first the relatively slow cooling rate (less 
than 40® F per hour), the steel will be cooled through 
the regions in which transformation to ferrite and 
pearlite will occur and these constituents, ferrite and 
pearlite, will, therefore, make up the final microstruc- 
ture. This cooling rate corresponds to a slow furnace 
cool, such as might be used in annealing. 

At a somewhat faster cooling rate (40 ® to 150 ® F per 
hour) , such as might be obtained on normalizing a large 
forging, the ferrite, pearlite, bainite, and martensite fields 
will all be traversed and final microstructure will con- 
tain all of these constituents. 

At cooling rates of 150 ® to 2100 ® F per hour, the pearl- 
ite field will be missed entirely and the resulting micro- 
structures will consist of ferrite, bainite, and martensite. 
This, therefore, is the microstructure to be expected on 
normalizing small or moderate sections of this steel. 

Finally, on cooling at rates of from 2100 • to 54,000 • F 
per hour, the piicrostructure will be free of proeutectoid 
ferrite and will consist largely of bainite with a small 



806 


THE MAKING, SHAPING AND TREATING OF STEEL 

amount of martensite present. A cooling rate of at least properties of a steel, are dependent upon the transfor- 
54,000 “ F per hour is necessary to obtain the fully mar- mation behavior of the austenite and on the cooling 

tensitic structure desired as a starting point for tempered conditions, and can be predicted if these factors are 

martensite on quenching and tempering. known, or can be governed by controlling either or both 

Thus, the final microstructure, and therefore, the of these factors. 

SECTION 2 

HARDEN ABILITY 


The one attribute of a steel which is certainly of the 
greatest significance to the heat treater is its capacity for 
hardening, commonly referred to as its hardenability. 
This attribute has a two-fold significance; it is impor- 
tant, not only in relation to the attainment of a higher 
hardness or strength level by heat treatment, but also 
in relation to the attainment of a high degree of tough- 
ness through heat treatment to a desirable microstruc- 
ture, usually tempered martensite or lower bainite. As 
a matter of fact, the attainment of toughness is the most 
important, since the attainment of a certain high strength 
level may often have little significance unless accom- 
panied by a sufficient toughness to meet service re- 
quirements. 

It should be clearly understood that hardenability re- 
fers to the depth of hardening or to the size of piece 
which can be hardened under given cooling conditions 
and not to the maximum hardness that can be obtained 
in a given steel. This maximum hardness, as previously 
described, is dependent almost entirely upon the carbon 
content (Figure 42—22), while the hardenability (depth 
of hardening) is, in general, far more dependent upon 
the alloy content and grain size of the austenite than 
upon the carbon content. 

Relationship of Hardenability to Transformation Rates 
— In the preceding discussion, it was shown that, in gen- 
eral, the hardness of steel increases as the transforma- 
tion temperature decreases. It was also shown that the 
lower-temperature transformation products, lower 
bainite and martensite, when tempered, exhibit superior 
properties in respect to ductility and toughness at a 
given strength level. It is apparent that, in order to 
realize the superior properties of these low-temperature 
transformation products, prior transformation at a 
higher temperature to softer products must, insofar as 
possible, be prevented. This means that the steel must be 
cooled through these high-temperature transformation 
ranges at a rapid enough rate that transformation does 
not occur, even at the nose of the transformation dia- 
gram. This rate, which will just permit transformation 
to martensite without any prior transformation at a 
higher temperature is known as the critical cooling rate 
for martensite, and furnishes one method for expressing 
hardenability. It can be readily ascertained from the 
continuous cooling diagram. For example, in the steel of 
Figure 42 — 29, the critical cooling rate for martensite is 
54,000 • F per hour or 15 ® F per second. 

How Hardenability Is Expressed and Measured— Al- 
though the critical cooling rate can be used to express 
hardenability, it has the disadvantage that, in practice, 
cooling rates are ordinarily not constant, but vary dur- 
ing the cooling cycle. This is particularly true of liquid 
quenching, in which case, the cooling rate is always 
slower as ^e temperature of the cooling medium is ap- 
proached, and is e^o greatly affected by the presence of 
a vapor phase in the earlier part of the quenching cycle. 
Furthennore, as already mentioned, hardenability refers 
to depth of hardening. 

In order to facilitate the application of hardenability 
measurements to practice, it is, therefore, customary to 
express hardenability in terms of depth ot hardening in 


a standardized quench. The quenching condition used in 
this expression is a hjqjothetical one, in which the sur- 
face of the piece is assumed to come instantly to the 
temperature of the quenching medium. This is known 
as an ideal quench, and the diameter of a round which 
will just quench to the desired microstructure, or cor- 
responding hardness value at the center, in an ideal 
quench is known as the ideal diameter (symbol Di). 
Since the cooling rate relationships between the ideal 
quench and other quenching conditions are known, 
hardenability values in terms of ideal diameter can be 
used to predict the size of round which will harden in 
any quench, the characteristics of which are known, or 
similarly, if the diameter which will just harden to the 
center in a standardized quench is known, this can be 
converted into the ideal diameter value used to express 
hardenability. 

The most direct method of measuring hardenability in 
terms of ideal diameter is by quenching a cylinder 
series. In this method, a series of bar sizes are quenched 
under identical conditions. These bars should have a 
length at least four times the diameter. They are then 
sectioned, etched, and cross-section hardness measure- 
ments made. The depth of hardening of each of the bars 
is determined by the point at which the etching char- 
acteristics change, which corresponds to a microstruc- 
ture of 50 per cent martensite, or by the corresponding 
hardness value. This microstructure of 50 per cent mar- 
tensite is a very commonly used criterion of harden- 
ability because of the ease with which it may be located. 
The diameter of the bar in this series which just hardens 
to the center is noted and this is known as the critical 
diameter (D) for the series. 

As mentioned above, this critical diameter value can 
be translated into the fundamental terms of ideal diam- 
eter (Di) by the charts of Figures 42—30 and 42—31. 
In order to make this conversion, however, it is neces- 
sary to evaluate the factor expressing the severity of the 
quench (H factor). This factor can be evaluated quite 
accurately from the results of the cylinder series by a 
method to be described, but t 3 ^ical values of the H 
coefficient are tabulated in Table 42— IV. 

Table 4^IV. Typical Values of the H Coefficient 
Designating Severity of Quench (H Value) 


Agitation 

Oil 

Water 

Brine 

None 

0.25-0.30 

0.9-1.0 

2 

Mild 

0.30-0.35 

1.0-1.1 

2.0-2.2 

Moderate 

03&-0.40 

1.2-1.3 


Good 

0.40-0.50 

1.4-1.5 


Strong 

0.50-0.80 

1.6-2.0 


Violent 

0.80-1.1 

4.0 

5.0 


The chart of Figure 42—32 enables the H value to be 
accurately evaluated from the results of a cylinder 

series. To use this chart, the values of — (ratio of un- 

D 

hardened core diameter to diameter of the piece) for 
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Fic. 42—30. Relationships among ideal diameter, critical diameter and severity of quench. 
See also Figure 42—31. 


the series are plotted against the diameter on a piece of 
transparent material, using the same coordinates as the 
chart. The resulting curve is then shifted until it matches 
one of the curves of the chart. The H value is then deter- 
mined by dividing the H D value corresponding to any 
of the points by its diameter. 

The following example is illustrative of the use of the 
charts of Figures 42 — 31 and 42 — 32. 

Assume that the cylinder section being studied has in- 
dicated a critical diameter of 1.2 inches and that the H 
value of the quench has been found to be 0.4. The hori- 
zontal line of Figure 42 — 31 at 1.2 inches is then followed 
across until it intersects the curve corresponding to an 
H value of 0.4. The ideal diameter is then read for the 


vertical line at this point and is found to be 2.6 inches. 
In a similar manner, the size of rounds which could be 
hardened under different quenching conditions for a 
steel of this hardenability can be determined from this 
chart. Thus a water quench with an H value of 1, would 
permit hardening in a 1.7- inch diameter bar, while air 
eooling with an H value of 0.02 would permit hardening 
in only a ^-inch section. 

The cylinder series method, just described, is the most 
direct method of measuring hardenability, but because 
of numerous advantages, the end -quench test, developed 
by Jominy and Boegehold, is the hardenability test 
which is now by far the most generally accepted and 
used. In this test, a cylindrical specimen one inch in di- 



0 0.2 0.4 0.6 0.8 1.0 t.2 f.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 


0, VALUES 

Fig. 42—31. Enlargement of the portion of Figure 42—30 for D values between 0 and 2.1, and 
Dg values from 0 to 3D. 
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Fic. 42 — 32. Curves for estimating severity of quench (H) values from a cylinder series. 


ameter and four inches long is heated to the desired 
hardening temperature and quenched in a fixture by a 
stream of water impinging upon only one end. The bar is 
then ground on two opposite sides to a depth of 0.015 
inch below the surface and hardness measurements 
made at ’/^o-inch intervals along the length of the speci- 
men. The hardonability is expressed as a curve of hard- 
ness versus distance from the quenched end of the 
specimen. Figure 42 — 33 illustrates the type of quench- 
ing fixture used for this test and a typical end -quench 
hardenability curve is shown in Figure 42 — 34. Standard 
procedures for this test have been established by the 
American Society for Testing Materials and the Society 
of Automotive Engineers and the reader is referred to 
the publications of these societies for the details of the 
testing procedures. 

This test furnishes a method of applying a continuous 
series of varying cooling rates to a single specimen, and. 


since these rates are known, the results can be converted 
to hardenability values in terms of ideal diameter. The 
curve used for this conversion is shown in Figure 42 — 35. 
To use this curve, the distance along the end-quench bar 
to the desired miscrostructure, or corresponding hard- 
ness value, is noted and the ideal diameter correspond- 
ing to this distance is read from the curve. This ideal 
diameter value may then be converted into terms of bar 
size which can be hardened under any given quenching 
conditions, by the methods described above. 

Hardenability and Heal Treatment — It has been em- 
phasized in the preceding sections of this chapter that 
the most desirable microstructural constituents, from 
the standpoint of strength and toughness, are those in- 
volving transformation at the lower temperature levels, 
— lower bainite and tempered martensite. In order to 
obtain these desirable structures, the transformation 
rates must be slow enough, or in other words, the 



Fxo. 42—33. Quenching fixture for end-quench teat 
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F^c. 42 — 34. Typical end-quench hardenability curve. 


hardenability miist be high enough, to prevent prior 
transformation at a high temperature during the cooling 
cycle. The results of hardenability measurements serve 
to establish the limiting conditions in terms of cooling 
rates or quenching practices necessary to meet this re- 
quirement. Similarly, if the heat-treating practice and 
cooling conditions have been established and evaluated, 


the hardenability necessary to obtain the desired micro- 
structure may be determined by the methods described 
above. 

Thus, it is seen that, in general, the suitability of 
a steel for a given heat treatment practice or the suit- 
ability of a heat treatment practice for a given steel is 
determined largely by its hardenability. 



Pig. 42—35. Relationship between the distance from the quenched end of the end-quench 
test and ideal diameter. 
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SECTION 3 

HEAT-TREATMENT PROCEDURES 


Quenching and Tempering—The desirable properties 
of tempered martensitic microstructures have been em- 
phasized in this chapter. Quenching and tempering is the 
heat treatment commonly used to obtain such micro- 
structures and, therefore, represents the final heat treat- 
ment ordinarily used to obtain optimum properties in 
heat-treated materials. 

This method is depicted diagrammatically in Figure 
42 — 36. It involves a continuous cooling from the austen- 


CUSTOMARY QUENCHING 
AND TEMPERING 



TIME - LOG SCALE 

Fig. 42—36. Schematic transformation diagram for quench- 
ing and tempering. 

itizing temperature through the martensite transforma- 
tion temperature range at a rate rapid enough to prevent 
any transformation at temperatures above the M« tem- 
perature, followed by tempering to the desired hardness 
or strength level. 

Heating — The first step in this heat treatment, as in 
most of the heat treatments to be described, is the heat- 
ing of the material to a temperature at which austenite 
is formed. The actual austenitizing temperature should, 
in general, be such that all carbides are in solution in 
order that full advantage may be taken of the harden- 
ability effects of the alloying elements, although in some 
cases, particularly in tool steels, it may be desirable to 
leave some undissolved carbides. The temperature 
should not, however, be so high that pronounced grain 
growth occurs. The piece should be held at the austen- 
itizing teniperature long enough to dissolve carbides but, 
again, not long enough for excessive grain growth to 
occur. 

Too rapid a heating rate may set up high stresses, par- 
ticularly if irregular sections arc involved, and is, there- 
fore, generally undesirable. A heating time of one hour 
per inch of section is commonly employed, and this is a 
safe rule. In numerous cases, however, much more rapid 
heating rates may be employed. In such cases, the safety 
of the practice must generally be determined by experi- 
ment. The available heating rate will, of course, be de- 
termined by the mass of the material being heated and 
the rate at which it can absorb heat, the temperature to 


which it is desired to heat, and the temperature and 
heat-transfer characteristics of the heating medium. In 
general, heating rates will be faster the higher the tem- 
perature, and the times will vary with the square of the 
thickness or diameter. Salt or liquid baths will have gen- 
erally higher heat-transfer coefficients and, therefore, 
will heat more rapidly than furnaces in which the heat- 
ing is in air. Since the heating rate is a function of the 
difference in temperature between the piece and the 
heating medium, rapid heating may be obtained by using 
a heating medium at a temperature well above the de- 
sired austenitizing temperature and removing the piece 
when this temperature is reached. Advantage is taken of 
this principle in continuous-furnace practice in which 
the temperature of the furnace is kept well above the 
desired temperature and the passage through the fur- 
nace regulated so that the piece being treated will reach 
the desired temperature at the outgoing end of the fur- 
nace. Temperature control is, however, uncertain in 
such treatment. Flame hardening, in which rapid heat- 
ing is obtained by the actual impingement of a high- 
temperature flame on the surface of the piece being 
treated is also based on this principle. These rapid heat- 
ing practices are the exception, however, and the usual 
and safe practice is a relatively slow and uniform heat- 
ing to the austenitizing temperature, followed by a hold- 
ing period at that temperature long enough to insure 
that the piece is at a uniform temperature throughout. 

Unless special precautions are taken, heating will usu- 
ally result in a certain amount of oxidation or scaling 
and may also result in decarburization. Both scaling and 
decarburization are usually undesirable. Scaling repre- 
sents a loss of metal, mars the surface finish and may 
prevent rapid extraction of heat in quenching. Decar- 
burization results in a soft surface and may seriously 
affect the fatigue life. The two processes do not, however, 
necessarily proceed together. For this reason, a slightly 
oxidizing atmosphere is often desirable when freedom 
from decarburization is important. Since the amount of 
scaling is largely determined by the time and tempera- 
ture of the heating operation, austenitizing temperatures 
and times should be as low as is consistent with the 
principles described above in order to minimize scaling. 
Scaling is materially reduced by the presence of 4 per 
cent or more of carbon monoxide in the furnace atmos- 
phere. 

Special measures are necessary if complete freedom 
from scaling or decarburization is necessary. These 
measures include heating in a muffle containing reducing 
gases such as carbon monoxide or methane and hydro- 
gen mixtures, packing in cast-iron chips or in a mixture 
of charcoal and sodium czu-bonate or heating in neutral 
salt or lead baths. All of these methods, however, have 
limitations and disadvantages and require special pre- 
cautions to insure their success. The composition of the 
gases used in controlled-atmosphere heating varies with 
the temperature and must be carefully balanced so that 
neither carburization nor decarburization occurs. At the 
higher temperatures packing mixtures such as charcoal 
and sodium carbonate may also lead to carburization 
and their use is frequently very inconvenient. Salt or 
lead baths may become contaminated with oxides 
through contact with the atmosphere and these may ac- 
celerate decarburization. In general it is very difficult to 
insure absolute freedom from scaling or decarburization 
in heating for hardening. 
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Quenching— The primary purpose of quenching is, as 
described above, to cool the piece rapidly enough that no 
transformation occurs at temperatures above the mar- 
tensite range. The first requisite of a quenching medium 
is, therefore, a sufficient cooling rate to accomplish this 
result. The necessary cooling rale is, in turn, determined 
by the size and hardenability of the piece being 
quenched, so that the choice of a quenching medium is 
primarily determined by these factors. The temperature 
gradient set up by the quenching operation results in 
relatively high thermal and transformation stresses 
which are usually, although not always, undesirable 
since they may lead to cracking or distortion. In order 
to minimize these stresses, the quenching rate should not 
be much in excess of that dictated by the size and 
hardenability of the piece. 

The quenching media most commonly used are water, 
oils, or brine. The relative severity of quench of these 
media is indicated in Table 42 — IV of this chapter. As 
indicated by this table, brine quenching is the most 
severe, although when thoroughly agitated, as by a sub- 
merged pressure-spray, water approaches it in severity. 
Oil is considerably less drastic, although its cooling rate 
may likewise be markedly increased by a proper and 
sufficient agitation. 

Agitation of the quenching medium is important both 
because of acceleration of the cooling rate and because 
of the more uniform cooling obtained. Such agitation 
may be obtained from judiciously placed propellers, 
from pumps, or from pressure sprays. 

The severity of water quenching varies with the tem- 
perature of the quenching bath, hot water being quite 
markedly slower than cold water. This is presumably 
because of the large amounts of steam which arc formed 
in quenching into hot water and which cling to the work 
and surround it with “gas pockets.” The cooling rate in 
hot water is, however, not only slower, but less uniform 
and this lack of uniformity may lead to distortion or 
even cracking. The increased cooling rate in brine is also 
presumably due to its increased boiling point which 
diminishes the chance of gas envelopes forming around 
the work. The cooling rate of oil quenches tends to in- 
crease somewhat with a moderate increase in tempera- 
ture, presumably because of the decreased viscosity at 
the higher temperature. 

Tempering— The martensite formed by quenching is 
very hard and very brittle and, as described above, its 
formation leaves high residual stresses. The purpose of 
tempering is to relieve these stresses and to improve the 
ductility, which it docs at the expense of strength or 
hardness. The operation consists of heating at tempera- 
tures below the lower critical temperature (Ai). The 
stress relief and recovery of ductility are brought about 
through precipitation of carbide from the supersatu- 
rated unstable alpha-iron solid solution (martensite) 
and through diffusion and coalescence of the carbide as 
the tempering operation proceeds. 

The effect of tempering on the residual stresses is il- 
lustrated by Figure 42—37. It will be noted that a con- 
siderable stress relief has occurred in tempering at 
300 ® F and that tempering at 900 ® F has lowered the 
stresses to a quite low value. 

A typical illustration of the effect of tempering on 
ductility as measured by the notch impact test is shown 
in Figure 42—38. It will be noted that the ductility first 
increases on tempering at temperatures up to 400 * F, 
then decreases on tempering at temperatures between 
400 • and 600 ® F, and finally increases rapidly in temper- 
ing at temperatures of 800® F and above. This is a char- 
acteristic behavior and, in general, the temperature 
I'ange 450 ® to 600 ® F should be avoided in tempering. 
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Fig. 42—37. The effect of tempering on residual stresses, 
in quenched cylinders. (Buhler, Buchholtz and Schulz: 
Archiv fur das Eisenhuttenwesen, Vol. 5, 1932; pages 413- 
418.) 

In order to minimize cracking, the tempering opera- 
tion should immediately follow the quench. Allowing 
fully-quenched pieces to stand overnight before temper- 
ing is liable to result in a large proportion of cracked 
work. 

The tempering of martensite results in a contraction 
and if the heating is not uniform, stresses will be set up 
by this unequal contraction which will cause distortion 
or even cracking. Similarly, too rapid a heating for 
tempering may be dangerous because of the sharp tem- 
perature gradient set up between the surface and in- 
terior of the piece. Recirculating-air furnaces are ideal 
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Fig. 42—38. The effect of tempering tempera- 
ture on ductility (Charpy impact) properties 
of low<*al]oy steel. 
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for obtaining the uniform heating desired for tempering 
and are very commonly employed for this purpose. Oil 
or salt baths are very commonly used for low- 
temperature tempering and are generally safe, in spite 
of their rapid heating rate, since the temperature dif- 
ferential is low. Lead or salt baths may be used for 
higher tempering temperatures if the pieces to be tem- 
pered are not too large or irregular so that the heating 
stresses may be kept at a safe level. 

Some steels exhibit a loss of toughness on slow cooling 
from temperatures of about 1000 ** F and above (the 
phenomenon known as **temper brittleness” which will 
be discussed further in another chapter) and therefore, 
a rapid cooling after tempering is generally desirable in 
these cases. 

Martempering— As discussed above, the transforma- 
tion to martensite, occurring during the rapid cooling 
through the martensite temperature range with the ac- 
companying sharp temperature gradient, results in high 
stresses. A modified quenching procedure, known as 
martempering, which was developed by B. F. Shepherd, 
is helpful in lowering these stresses after quenching. 
This method is illustrated diagrammatically in Figure 
42—39. In practice, it is ordinarily carried out by 
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Fig. 42—39. Schematic transformation diagram for mar- 
tempering. 

quenching the piece into a molten-salt bath at a tem- 
perature just above the M. temperature, holding in this 
bath long enough to permit the piece to acquire the tem- 
perature throughout, and then air cooling to room tem- 
perature. Transformation to martensite then occurs 
during the relatively slow air cooling and, since the 
temperature gradient characteristic of the conventional 
quench is absent, the stresses set up by the transforma- 
tion are much lower than in conventional quenching 
and tempering. Along with these lower stresses goes, of 
course, a much greater freedom from distortion and 
cracking. After martempering, the piece may be tem- 
pered to the desired strength level. Martempering has 
been applied to the heat treatment of tools, bearings, 
dies, etc. in which difficulty was encountered with 
quench cracking or distortion when heat treated by con- 
ventional quenching and tempering. 

Atistempering— As discussed above, the properties of 
lower bainite are generally similar in rasped to strength 


and somewhat superior in ductility to those of tempered 
martensite. Austempering, which is an isothermal heat 
treatment to lower bainite, therefore, offers an alterna- 
tive method of heat treatment for obtaining optimum 
strength and ductility. 

The austempering treatment is illustrated diagram- 
matically in Figure 42 — 40. It involves quenching to the 
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Fig. 42 — 40. Schematic transformation diagram for aus> 

tempering. 

desired temperature in the lower bainite region, usually 
in molten salt, and holding at this temperature until 
transformation is complete. It is the usual practice to 
hold for a time twice as long as that indicated by the 
isothermal transformation diagram to insure complete 
transformation of segregated areas. The piece may be 
quenched or air cooled to room temperature after trans- 
formation is complete and may be tempered to a lower 
hardness level if desired. 

Austempering has the tremendous advantage over 
conventional quenching and tempering that the bainite 
transformation takes place isothermally at a relatively 
high temperature so that the transformation stresses are 
very low, with a resultant absolute minimum of distor- 
tion and a practically complete assurance that quench 
cracking will not occur. 

Austempering, on the other hand, has the disadvan- 
tage, which it shares with martempering, that, because 
of the slower cooling rates of the molten salt baths as 
compared with the usual water or oil quenches, a higher 
hardenability steel is required to prevent high tempera- 
ture transformation during the cooling to the bainite 
temperature. Along with these higher hardenabilities 
also go longer times for complete transformation to 
bainite so that austempering may be considerably more 
time consiuning than martempering or conventional 
quenching and tempering. 

This hardenability limitation may be overcome to a 
certain extent by the introduction of a prequench in 
water or oil to a temperature just below the M« tem- 
perature, so that some martensite transformation occurs 
prior to the final holding at the bainite transformation. 
The final product is then a mixture of tempered mar- 
tensite and bainite and steel with this microstructure 
has good properties. 
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Largely because of this hardenability limitation, axis- 
tempering has found its widest application in the heat 
treatment of plain high-carbon steels in small section 
sizes, such as sheet, strip and wire products. It is, how- 
ever, also being used for the heat treatment of alloy 
steels and cast iro^ for applications in which it is es- 
sential that distortion be held to a minimum. 

Normalizing— Normalizing involves reheating the steel 
above its critical temperature (Acg) and air cooling. It 
has two primary purposes: to refine the grain, and to 
obtain a carbide size and distribution which will be more 
favorable for carbide solution on subsequent heat treat- 
ment than the as-rolled structure. 

The as-rolled grain size depends principally upon the 
finishing temperature in the rolling operation. This is 
subject to wide variations and there is, therefore, a cor- 
responding wide variation in the grain size of the as- 
rolled products. The normalizing operation, as the name 
implies, serves to refine a coarse grain size resulting 
from a high finishing temperature and to establish a uni- 
form, relatively fine-grained microstructure. 

In alloy steels, particularly if they have been slow 
cooled after rolling, the carbides in the as-rolled condi- 
tion tend to be rather large and massive. These large 
carbides are difficult to dissolve on subsequent austen- 
itizing treatments. This carbide size, likewise, will be 
subject to wide variations, depending on the rolling and 
slow-cooling practice. Here again, normalizing tends to 
establish a more uniform and finer carbide particle size 
which will facilitate subsequent heat treatment to a 
more uniform final product. 

The usual practice is to normalize from 100 ® to 150 “ F 
above the critical temperature, but for some alloy steels 
with carbides that are soluble only with difficulty, con- 
siderably higher temperatures may be used to obtain 
carbide solution. Heating, in general, should be slow 
enough to insure uniform temperatures and low thermal 
stresses. It is now a very common practice to carry out 
this operation in continuous furnaces. Continuous nor- 
malizing is particularly well adapted to sheet and strip 
because it may be heated quickly, but it is also used for 
plates and bars. The heating operation may, however, 
be carried out in any type of furnace which will permit 
uniform heating and accurate temperature control. 

Annealing — The principal purposes of annealing are 
to relieve cooling stresses or stresses induced by cold or 
hot working, and to soften the steel so as to improve its 
machinability or formability. It may involve only a sub- 
critical heating to relieve stresses, to recrystallize cold- 
worked material, or to spheroidize the carbides or it may 
involve heating above the critical temperature with sub- 
sequent transformation to pearlite or directly to a 
spheroidized structure on cooling. 

Full Anneal— As discussed above, the most favorable 
micr^tructure for machinability in the low- or 
medium-carbon steels is coarse pearlite. The customary 
heat treatment to develop this microstructure is a full 
anneal, illustrated diagrammatically in Figure 42 — 41. 
It consists of austenitizing at a relatively high tempera- 
ture 80 that full carbide solution is obtained, followed by 
a slow cooling so that transformation occiurs only and 
completely in the high-temperature end of the pearlite 
range. This is a simple heat treatment and is reliable for 
most steels. It is, however, rather time consiuning since 
it involves a slow cooling over the entire temperatxire 
range from the austenitizing temperature to a tempera- 
ture well below that at which transformation is com- 
plete. 

Isothermal Annealing— This annealing to coarse pearl- 
ite can, of course, be carried out isothermally by cooling 
to the proper temperature for transformation to coarse 



Fig. 42—41. Schematic transformation diagram for full 
annealing. 


pearlite, and holding at this temperature until trans- 
formation is complete in a manner similar to the 
austempering procedure. This method is illustrated dia- 
grammatically in Figure 42 — 42. Such an isothermal- 
annealing cycle may make possible a very considerable 
time saving over the conventional full- annealing treat- 
ment described above. Neither the time from the austen- 
itizing temperature to the transformation temperature, 
or from the transformation temperature to room tem- 
perature is critical and these may be speeded up as much 
as is desired or is practical. Furthermore, if the extreme 
softness of the coarsest pearlite is not necessary, the 
transformation may be carried out at the “nose” of the 
curve where the transformation goes to completion most 
rapidly and the operation thereby further expedited; the 
pearlite is much finer and the hardness is higher. 

Isothermal annealing is most practical for applications 
in which full advantage may be taken of the rapid cool- 


ISOTHERMAL ANNEALING 



Fm. 12—42. Schematic transformation diagram for iso- 
thermal annealing. 
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ing to the transformation temperature and from this 
temperature down to room temperature. Thus for small 
parts which can be conveniently handled in salt or lead 
baths, this isothermal annealing makes possible large 
time savings as compared with the conventional slow 
furnace cooling. It is also very conveniently adapted to 
continuous heat treatment, and continuous annealing by 
this method is commonly referred to as “cycle anneal- 
ing.” This is usually carried out in an especially designed 
furnace, incorporating an air-blast chamber in order to 
cool rapidly from the high-heat stages for austenitizing 
down to the lower-temperature stages in which the 
transformation to pearlite occurs. This permits an ac- 
celerated cooling down to the transformation tempera- 
ture. On the other hand, the method offers no particular 
advantage for applications such as the batch annealing 
of large furnace loads in which the rate of cooling to the 
center of the load may be so slow as to preclude any 
rapid cooling to the transformation temperature. For 
such applications, the conventional full-annealing 
method usually offers a better assurance of obtaining the 
desired microstructure and properties. 

Spheroidizc Annealing— Coarse pearlite microstruc- 
tures are too hard for optimum machinability in the 
higher carbon steels, and such steels are, therefore, 
customarily annealed to develop spheroidized micro- 
structures. This may be accomplished by tempering the 
as-rolled, slow -cooled or normalized materials at a tem- 
perature just below the lower critical temperature. Such 
an operation is known as “sub-critical annealing.” Full 
spheroidization of the carbides by this method may re- 
quire long holding times at the sub-critical temperature 
and the method may, therefore, be slow, but it is a sim- 
ple heat treatment and may frequently be more con- 
venient than annealing above the critical temperature. 


It has been found, however, that the procedures de- 
scribed above for annealing to produce pearlite, can, 
with some modifications, be applied to annealing meth- 
ods that will result in spheroidized microstructures. If 
free carbide remains after the austenitizing treatment, 
transformation (in the temperature range at which 
coarse pearlite would ordinarily form) would proceed to 
spheroidized rather than to pearlitic microstructures. 
Thus, heat treatment to form spheroidized microstruc- 
ttires can be carried out in a manner completely analo- 
gous to heat treatment to form pearlite, except for the 
use of lower austenitizing temperatures. Spheroidize 
annealing may thus involve a slow cooling similar to the 
full-annealing treatment to produce pearlite or it may 
be an isothermal heat treatment similar to the isothermal 
annealing to form pearlite. An austenitizing temperature 
not more than 100 ® F above the lower critical tempera- 
ture is customarily used for this super-critical anneal- 
ing to produce spheroidized microstructures. 

Process Annealing— Process annealing is the term used 
to describe the sub-critical annealing of cold-worked 
materials. It customarily involves heating at a tempera- 
ture high enough to cause recrystallization of the cold- 
worked structure and to soften the steel. 

The most important example of process annealing is 
the box annealing of cold-rolled low-carbon sheet steel; 
the sheets are packed in a large box which is sealed to 
protect them from oxidation. This annealing is usually 
carried out at temperatures of from about 1100* to 
1300 ® F. The heating and holding at temperature usually 
takes about 24 hours after which the charge is slowly 
cooled in the box, the entire process taking about 40 
hours. 

The process and equipment are described in detail 
in Chapter 34. 


SECTION 4 

CARBURIZING 


In carburizing, a high -carbon surface layer is im- 
parted to low-carbon steel by heating it in contact with 
carbonaceous materials. On quenching after carburizing, 
the high-carbon “case” becomes very hard, while the 
low-carbon core remains comparatively soft. The result 
is a very wear-resistant exterior combined with an in- 
terior possessing great toughness, particularly suitable 
for gears, camshafts, etc. 

Carburizing is most commonly carried out by packing 
the steel in boxes with carbonaceous solids, sealing to 
exclude the atmosphere and heating to about 1700 * F 
for a period of time depending upon the case depth 
desired. This process is known as pack carburizing. Car- 
burizing may also be carried out by heating the steel in 
direct contact with carburizing gases, in which case the 
process is known as gas carburizing; or, least com- 
monly, in liquid baths of carburizing salts, in which case 
it is known as liquid carburizing. 

Pack Carburizing— Although in pack carburizing, as 
described above, the parts are packed in a solid com- 
pound, the actual carburizing medium is carbon- 
monoxide gas. The carburizing compound usually con- 
sists of charcoal, coke and an energizer such as barium 
or sodium carbonate. The energizer is supposed to 
break down in the presence of carbon, forming carbon 
monoxide as follows: 

BaOOt — BaO COi 
CO. + C = 2CO 

but the precise behavior of the energizer is not exactly 
known. The CO then carbiuizes the steel: 


3Fe + 2CO = FesC -f COi 

The usual carburizing temperature is 1700 ^ F, and a 
case depth of about Mo inch is ordinarily obtained on 
carburizing 8 hours at this temperature. Where speed is 
a primary consideration, temperatures up to 1750 ® F 
may be used. The higher temperatures, however, require 
more careful control to assure uniform results. For some 
steels, especially the higher-nickel alloy steels, lower 
temperatures of 1625* to 1650 ®F are used, and these 
lower temperatures have the advantage of decreasing 
warpage. 

The carbon content at the surface should ordinarily 
not be over 1.15 per cent and the gradation toward the 
core should be uniform. This can be controlled to a con- 
siderable extent by the composition of the carburizing 
compound; for example, reducing the amount of ener- 
gizer and increasing the charcoal or coke content will 
lower the surface carbon. In general, the maximum sur- 
face carbon will increase as the carbtirizing temperatxure 
decreases because of the low diffusion rate of the carbon 
at the lower temperature. 

Gas Carburizing— The principal carburizing agents in 
gas carburizing are methane and carbon monoxide; the 
reactions may be represented as follows: 

CH4 + 3Fe=:Fe.C + 2H. 

2CO + 3Fe = FeiC 4 - COt 

The most common practice is to lead the gas Into a 
heated retort in which the work Is continuously tximbled 
by rotating the retort. Such carburizing is faster than 
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Fra. 42—43. Comparative case depths as a function of 
time and temperature in activated and cyanide baths. 
From *‘Metals Handbook/’ 1939 Edition (page 1061). 
Published by American Society for Metals. 


pack carburizing since the time of heating the carburizer 
is saved, and the case depth can be held to close limits. 
Gas carburization has the further advantage that Ae 
carburizing cycle may be followed up by a diffusion 
cycle during which no carburizing gas is admitted, 
thereby a lower surface carbon and a better gradation 
of the case obtained. 

Natural gas, which consists largely of methane, with 
ethane varying from 5 to 10 per cent, is very satisfactory 
for gas carburizing. The carburizing gas may, however, 
be produced in a separate gas generator, or bottled pro- 
pane may be used. 

Liquid Carburizing— Immersion of steel parts in a 
molten-salt bath containing about 30 per cent sodium 
cyanide at 1600® F for % to 1 hour periods to obtain a 
light (0.010 inch) hard case for wear resistance has been 
practiced for many years. The case is a mixture of car- 
bides and nitrides and its relatively high hardness re- 
flects to a considerable extent the presence of iron 
nitride. 

The above cyaniding process is now, however, largely 
being replaced by liquid carburizing in activated baths 
which employ a floating slag of calcium cyanide as the 
active agent and which produce deeper cases which are 
lower in nitrogen and higher in carbon than those ob- 
tained with the simple sodium-cyanide bath. A typical 
composition of an activated bath is as follows: 


Calcium Cyanamide 
Calcium Cyanide 
Sodium Chloride 
Calcium Oxide 
Carbon 


CaCN, 2-5% 

Ca(CN). 43-48% 

NaCl 30-35% 

CaO 14-16% 

C 4-5% 


The comparative case depths as a function of time and 
temperature in activated and cyanide baths are shown 


in Figure 42—43. The cases obtained with activated 
baths range from 0.70 to 1.00 per cent carbon with about 
0.2 per cent nitrogen concentrated mainly at the surface 
of the steel parts. 

Heat Treatment of Carburized Parts— Since carbu- 
rized articles have a high-carbon case and a low-carbon 
core, the proper heat-treating temperature for the case 
will be too low for the core, and vice versa. Thus a 
double treatment is desirable to obtain optimum prop- 
erties of both case and core; the piece is first heated to 
above the critical temperature corresponding to the low- 
carbon core and suitably cooled to refine its structure. 
It is then reheated to just above the critical temperature 
of the case and quenched to harden the case. However, 
when the carburizing temperature is not too high, re- 
fining of the core may not be essential, and after cooling 
from the carburizing temperature, a single reheating 
and quench from above the critical temperature of the 
case is sufficient. Quenching directly from the carburiz- 
ing temperature is sometimes employed, although this 
may lead to undue warpage. 

Nitriding— The nitrogen case-hardening process 
which is termed “nitriding” consists in subjecting 
machined and preferably heat-treated parts to the action 
of a nitrogenous medium, commonly ammonia gas, un- 
der certain conditions whereby surface hardness is im- 
parted to the material without necessitating any further 
treatment. Wear resistance, retention of hardness at 
elevated temperatures, and resistance to certain types 
of corrosion are other properties imparted to the steel 
by nitriding. 

It has been found that chromium and aluminum are 
desirable In steels for nitriding and compositions espe- 
cially adapted to nitriding have been developed. A typi- 
cal composition is as follows; 


Carbon 

Manganese 

Aluminum 

Chromium 

Molybdenum 


0.20-0.30% 

0.40-0.60% 

0.90-1.40% 

0.90-1.40% 

0.15-0.25% 


Usual conditions for the nitriding process consist of 
subjecting the articles to the action of ammonia gas at 
temperatures ranging from 930 * to 1220 * F. The range 
most commonly used is 950 * to 1000 ® F. Nitrided cases 
are ordinarily light, case depth of 0.010 to 0.015 inch 
being obtained in 48 hours at 975 ® F. The surface hard- 
ness is, however, very high (900 to 1200 Vickers), and 
this hardness is retained even after reheating to tem- 
peratures up to 900® F. 



Chapter 43 
CARBON STEELS 


SECTION 1 

CLASSIFICATION AND APPLICATION 


The plain carbon steels undoubtedly represent the 
most important group of engineering materials known. 
They represent by far the major percentage of steel pro- 
duction and the widest diversity of application of any of 
the engineering materials. These applications are so 
diversified that anything like a complete listing, or even 
a classification on the basis of application, is impossible. 
Many of the important classes of application have, how- 
ever, been discussed in this book. These include castings, 
forgings, tubular products, plates, sheet and strip, wire 
and wire products, structural shapes, bars, tools, and 
such railway materials as rails, wheels and axles. 

Although a classification by application is impossible, 
plain carbon steels may be generally classified in ac- 
cordance with their method of manufacture as basic 
open hearth, acid open hearth or acid Bessemer steels. 
The basic open hearth steels, of course, represent the 
preponderance of the tonnage. This classification may be 


extended to include the method of deoxidation used. For 
example, the basic open hearth steels may be rimmed, 
semi-killed or fully killed. 

The plain carbon steels may also be classified on the 
basis of carbon content as hypo-eutectoid or hyper- 
eutcctoid steels; the hypo-eutectoid steels are those in 
which the carbon content is below the eutectoid value 
of about 0.80 per cent, and the hyper-eutectoid steels 
those with carbon contents above tbis value. 

The composition ranges for the plain carbon steels 
have been standardized by the American Iron and Steel 
Institute and these composition ranges are listed in 
Tables 43 — I, 43 — II, 43--III and 43-~IV. Concerning 
these four tables, it should be noted that the prefix 
letters “B” and “C** are used to designate the two prin- 
ciple steel-making processes for carbon steels as follows: 
*'B*’ denotes acid Bessemer carbon steel, “C” denotes 
basic open hearth steel. 


SECTION 2 

FACTORS AFFECTING CARBON-STEEL PROPERTIES 


The principal factors affecting the properties of the 
plain carbon steels are the carbon content and the 
microstructure. The general relationships between 
microstructure and properties, and the factors govern- 
ing microstructure, have been discussed in the preceding 
chapter on heat treatment, and need not be repeated 
here. Most of the plain carbon steels are, however, used 
without a final heat treatment and the factors affecting 
the microstructure and thereby the properties in such 
as-rolled or as-forged products will be emphasized in 
this chapter. 

In addition to the predominant effects of carbon con- 
tent and microstructure, the properties of plain carbon 
steels may be modified by the effects of residual ele- 
ments other than the carbon, manganese, silicon, phos- 
phorus and sulphur which are always present, or the 
properties of carbon steel may also be affected by the 
presence of gases, especially oxygen, nitrogen and hy- 
drogen and their reaction products. These incidental 
elements are usually picked up from the scrap, from 
the deoxidizers, or from the furnace atmosphere. The 
gas content is largely dependent upon the melting, 
deoxidizing and pouring practice so that the final prop- 
erties of the plain carbon steels are, to a very consider- 
able extent, dependent upon the steelmaking practice 
used in their production. 

Thus, the factors governing the properties of a plain 
carbon steel are primarily its carbon content and micro- 
structure, with &e mlcroBtructure being determined 
largely by the composition and the final rolling, forging 


or heat-treating operation, and secondarily by the re- 
sidual alloy, non-metallic and gas content of the steel 
which, in turn, depend upon the steelmaking practice. 

Carbon Content and Properties— The average me- 
chanical properties of as-rolled one-inch bars of carbon 
steels, as a function of carbon content, are shown in 
Figure 43—1. These values are based on statistical anal- 
yses made by several investigators and plotted by Sisco. 
This figure is illustrative of the general effect of carbon 
content when the microstructure and grain size are 
held reasonably constant. It will be seen that the hard- 
ness, tensile strength and yield strength increase with 
increasing carbon content, while the elongation, reduc- 
tion of area, and Charpy impact values decrease sharply. 

Effect of Microstructure and Grain Size— The general 
relationships between microstructure and properties 
have been discussed in Chapter 42 on heat treatment. 
The carbon steels, being of relatively low hardenability, 
are predominantly pearlitic in the cast, rolled or forged 
conditions. The constituents of the hypo-eutectoid steels 
are, therefore, ferrite and pearlite, and of the hyper- 
eutectoid steels, cementite and pearlite. As described in 
the previous chapter, the properties of such pearlitic 
steels are dependent primarily upon the interlamellar 
spacing of the pearlite and the grain size. Both the hard- 
ness and the ductility increase as the interlamellar 
spacing or the pearlite-transformation temperature de- 
creases, and the ductility increases with decreasing 
grain size. The effect of grain size was discussed in 
some detail in the preceding chapter. The effect of the 
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Table 43—1. Standard AJJ5X Composition Rani^es of Carbon Steels ‘ 
(Basic Open Hearth and Acid Bessemer Carbon Steels) 
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A.I.S.L 

Number 

Chemical Composition Limits, Per Cent i 

Corresp. 

SAE No. 

C 

Mn 

P (Max.) 

S (Max.) 

C1006 

0.08 Max. 

0.25-0.40 

0.040 

0.050 

1006 

C1008 

0.10 Max. 

0.25-0.50 

0.040 

0.050 

1008 

ClOlO 

0.08-0.13 

0.30-0.60 

0.040 

0.050 

1010 

ClOll 

O.OS-0.13 

0.60-0.90 

0.040 

0.050 


C1012 

0.10-0.15 

OJO-0.60 

0.040 

0.050 


C1015 

0.13-0.18 

0.30-0.60 

0.040 

0.050 

1015 

C1016 

0.13-0.18 

0.60-0.90 

0.040 

0.050 

1016 

C1017 

0.15-0.20 

0.30-0.60 

0.040 

0.050 

1017 

C1018 

0.15-0.20 

0.60-0.90 

0.040 

0.050 

1018 

C1019 

0.15-0.20 

0.70-1.00 

0.040 

0.050 

1019 

C1020 

0.18-0.23 

0.30-0.60 

0.040 

0.050 

1020 

C1021 

0.18-0.23 

0.60-0.90 

0.040 

0.050 

1021 

C1022 

0.18-0.23 

0.70-1.00 

0.040 

0.050 

1022 

C1023 

0.20-0.25 

0.30-0.60 

0.040 

0.050 

— 

C1024 

0.19-0.25 

1.35-1.65 

0.040 

0.050 

1024 

C1025 

0.22-0.28 

0.30-0.60 

0.040 

0.050 

1025 

C1026 

0.22-0.28 

0.60-0.90 

0.040 

0.050 

1026 

C1027 

0.22-0.29 

1.20-1.50 

0.040 

0.050 

1027 

C1029 

0.2S-0.31 

0.60-0.90 

0.040 

0.050 

— 

C1030 

0.28-0.34 

0.60-0.90 

0.040 

0.050 

1030 

C1031 

0.28-0.34 

0.30-0.60 

0.040 

0.050 

— 

C1032 

0.30-0.36 

0.60-0.90 

0.040 

0.050 

— 

C1033 

0.30-0.36 

0.70-1.00 

0.040 

0.050 

1033 

C1035 

0.32-0.38 

0.60-0.90 

0.040 

0.050 

1035 

C1036 

0.30-0.37 

1.20-1.50 

0.040 

0.050 

1036 

C1037 

0.32-0.38 

0.70-1.00 

0.040 

0.050 

— 

C1038 

0.35-0.42 

0.60-0.90 

0.040 

0.050 

1038 

C1039 

0.37-0.44 

0.70-1.00 

0.040 

0.050 

1039 

C1040 

0.37-0.44 

0.60-0.90 

0.040 

0.050 

1040 

C1041 

0.38-0.44 

1.35-1.65 

0.040 

0.050 

1041 

C1042 

0.40-0.47 

0.60-0.90 

0.040 

0.050 

1042 

C1043 

0.40-0.47 

0.70-1.00 

0.040 

0.050 

1043 

C1045 

0.48-0.50 

0.60-0.90 

0.040 

0.050 

1045 

C1046 

0.43-0.50 

0.70-1.00 

0.040 

0.050 

1046 

C1049 

0.46-0.53 

0.60-0.90 

0.040 

0.050 

1049 

C1050 

0.48-0.55 

0.60-0.90 

0.040 

0.050 

1050 

C1052 

0.47-0.55 

1.20-1.50 

0.040 

0.050 

1052 

C1053 

0.48-0.55 

0.70-1.00 

0.040 

0.050 

— 

C1055 

0.50-0.60 

0.60-0.90 

0.040 

0.050 

1055 

C1060 

0.55-0.65 

0.60-0.90 

0.040 

0.050 

1060 

C1065 

0.60-0.70 

0.60-0.90 

0.040 

0.050 

1065 

C1069 

0.65-0.75 

0.40-0.70 

0.040 

0.050 

— 

C1070 

0,65-0.75 

0.60-0.90 

0.040 

0.050 

1070 

C1072 

0.65-0.76 

1.00-1.30 

0.040 

0.050 

— 

C1075 

0.70-0.80 

0.40-0.70 

0.040 

0.050 

— 

C1078 

0,72-0,85 

0,30-0.60 

0.040 

0.050 

1078 

C1080 

0.75-0.88 

0.60-0.90 

0.040 

0.050 

1080 

C1084 

0.80-0,93 

0.60-0,90 

0.040 

0.050 

— 

C1085 

0.80-0.93 

0.70-1.00 

0.040 

0.050 

1085 

C1086 

0.82-0.95 

0.30-0.50 

0.040 

0.050 

1086 

C1090 

0.85-0.98 

0.60-0.90 

0.040 

0.050 

1090 

C1095 

0,90-1.03 

0.30-0.50 

0.040 

0.050 

1095 

BlOlO 

0.13 Max. 

0.30-0.60 

0.07-0.12 

0.060 



SILICON. — ^When silicon is required, the following ranges and limits are common for basic open-hearth steel grades; 
Standard Steel Designations Silicon Ranges or Limits 

0.10 Max. 

0.10 Max., 0.10/0.20. or 0.15/0.30 
0.10/0.20, or 0.15/0.30 

COPPER. — ^When required, copper is specified as an added element to a standard steel. 

^ Hot«roUed carbon-steel bars and semifinished products not exceeding 200 square inches cross-sectional area. 

^ From: Steel Products Manual, American Iron and Steel Institute; Section 2, Semifinished Carbon-Steel Products, and 
Section 8, Hot-Rolled Carbon-Steel Bsm 


Up to C 1015 Excl. 
C 1015 to C 1025 Inch 
Over C 1025 
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Table 43—11. Standard AXS.L Composition Ranges of Basic Open Hearth Besalpharised Carbon Steels 


A.IjS.I. 

No. 

Chemical Composition Limits, Per Cent 

Corre* 

spending 

SAB Na 

C 

Mn 

P (Max.) 

S (Max.) 

C1108 

0.08/0.13 

0.50/0.80 

0.040 

0.08/0.13 


C1109 

0.08/0.13 

0.60/0.90 

0.040 

0.08/0.13 

1109 

ClllO 

0.08/0.13 

0.30/0.60 

0.040 

0.08/0.13 

# e • e 

C1113 

0.1O/0.L6 

1.00/1.30 

0.040 

0.24/0.33 

• • • • 

C1115 

0.13/0.18 

0.60/0.90 

0.040 

0.08/0.13 

1115 

C1116 

0.14/0.20 

1.10/1.40 

0.040 

0.16/033 

1116 

C1117 

0.14/0.20 

1.00/1.30 

0.040 

0.08/0.13 

1117 

C1118 

0.14/0.20 

1.30/1.60 

0.040 

0.08/0.13 

1118 

C1119 

0.14/0.20 

1.00/1.30 

0.040 

0.24/033 

1119 

C1120 

0.18/0.23 

0.70/1.00 

0.040 

0.08/0.13 

1120 

C1125 

0.22/0.28 

0.60/0.90 

0.040 

0.08/0.13 

• • * • 

C1126 

0.23/0.29 

0.70/1.00 

0.040 

0.08/0.13 

1126 

C1132 

0.27/0.34 

1.35/1.65 

0.040 

0.08/0.13 

1132 

C1137 

0.32/0.39 

135/1.65 

0.040 

0.08/0.13 

1137 

C1138 

0.34/0.40 

0.70/1.00 

0.040 

0.08/0.13 

1138 

C1140 

0.37/0.44 

0.70/1.00 

0.040 

0.08/0.13 

1140 

C1141 

0.37/0.45 

135/1.65 

0.040 

0.08/0.13 

1141 

C1144 

0.40/0.48 

135/1.65 

0.040 

0.24/033 

1144 

C1145 

0.42/0.49 

0.70/1.00 

0.040 

0.04/0.07 

1145 

C1146 

0.42/0.49 

0.70/1.00 

0.040 

0.08/0.13 

1146 

C1148 

0.45/0.52 

0.70/1.00 

0.040 

0.04/0.07 


C1151 

0.48/0.55 

0.70/1.00 

0.040 

0.08/0.13 

iisi 


SILICON.— When silicon is required, the following ranges and limits are common for basic open-hearth steel grades; 


Standard Steel Designations 

Up to C 1113 Excl. 

C 1113 and Over 


Silicon Range s or Limits 
0.10 Max. 

0.10 Max.* 0.10/0.20, or 0.15/0.30 


^ See Footnote (1), Table 43—1. 


Table 43 — ^in. Standard A.I.S.I. Composition Ranges of Basic Open Hearth Rephosphorized and Resulphurized 

Carbon Steels 


A.I.S.I. 

Number 

Chemical Composition Limits, Per Cent { 

Corresp. 

SAENo. 

C 

Mn 

P 

S 

C1211 

0.13 Max. 

0.60/030 

0.07/0.12 

0.08/0.15 


C1212 

0.13 Max. 

0.70/1.00 

0.07/0.12 

0.16/033 



C1213 

0.13 Max. 

0.70/1.00 

0.07/0.12 

034/033 

— 


SILICON— Because of the technological nature of the process basic open hearth rephosphorized and resulphurized steels 
are not furnished to specified limits for silicon. 


^ See Footnote (1), Table 43—1. 


Table 43 — Standard A.I.SX Composition Ranges of Acid Bessemer Resulphurized Carbon Steels ^ 


AJ.SJ. 

No. 

Chemical Composition Limits, Per Cent 

Corre- 

sponding 

SAENo. 

C 

Mn 

P 

S 

Bllll 

0.13 Max. 

0.60/030 

0.07/012 

0.08/0.15 

nil 

B1112 

0.13 Max. 

0.70/1.00 

0.07/0.12 

016/033 

1112 

B1113 

0.13 Max. 

0.70/1.00 

0.07/012 

034/033 

1113 


SILICON.— Because of the technological nature of the process, add Bessemer steels are not furnished with specified 
silicon content 


^ See Footnote (1), Table IS— L 
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CABBON STEELS 

Table 43-V. Slandard Mechanical Property Speclflcationa » 


Tensile Ranges 
(Lb. per Sq. In.) 

American Society for Testing Mai 
TiUe 

terials Specificatio 

ns 

45,000/55.000 
45,000/55,000 
48,000/58,000 
50,000/60,000 
50,000/62,000 
52,000/62,000 
55,000/65,000 
55,000/65,000 
58,000/68,000 
58,000/71,000 
60,000/72,000 
60,000/72,000 • 
60,000/72,000 • 
65,000/77,000 
68,000/82,000 
70,000/85,000 
75,000/90.000 
80,000 min. 

Structural— General 

Boiler Rivet Steel 

Structural for Locomotives & Cars 
Structural— General 

Structural— Locomotives & Cars 
Structural Rivet Steel 

Structural— General 

Structural for Ships 

Boiler Rivet Steel 

Structural for Ships 

Structural— General 

Structural— Bridges and Buildings 
Structural — ^Locomotives and Cars 
Structural — General 

High Strength Rivet Steel 

Structural— General 

Structural— General 

Structural — General 

Ai/ vsaiKi to uo n 

A-306 

A-31 

A-113 

A-306 

A-113 

A-141 

A-306 

A-131 

A-Sl 

A-131 

A-306 

A-7 

A-113 

A-306 

A-195 

A-306 

A-306 

A-306 

Urade 

45 

A 

C 

50 

B 

55 

Rivet 

B 

Struct. 

GO 

A 

65 

70 

75 

80 


• ro,000/75 000 psi permitted for thickness or diameter over VA in. 

From: Steel Products Manual. Section 8. American Iron and Steel InsUtute. 



Fig. 43—1. Variations in average mechanical properties of 
as-rolled, one-inch diameter bars of plain carbon steels, 
as a function of carbon content. (Alter Sisco.) 

spacing of the pearlite was also discussed and coarse pearlitic microstructures. The line for the 
and illustrated for a eutectoid steel. The effect of this 1200 ® F transformation product in this illustration is 
variable on tensile strength is further illustrated in generally similar to, although slightly above, the tensile 
figure 43—2, which shows the approximate relationship strength line for as-rolled bars in Figure 43 — 1, in- 
between tensile strength and carbon content lor a series dicating that these as-rolled bars have transformed dur- 
01 plain carbon steels isothermally transformed to fine ing cooling at temperatures in the vicinity of 1200* F. 
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Fic. 43—2. Relationship between tensile strength and carbon content of a 
series of plain carbon steels isothermally transformed to fine and coarse 
pearlitic microstructures. 


SECTION 3 

FACTORS AFFECTING MICROSTRUCTURE AND GRAIN ST7F. 


Composition — ^As explained in Chapter 42 on heat 
treatment, the microstructure of steel is determined by 
the temperature range in which transformation of the 
austenite takes place on cooling. This, in turn, is deter- 
mined by the cooling rate employed and the transforma- 
tion rate of the steel. This latter factor is dependent 
largely upon the composition; thus, for a given cooling 
rate after rolling, for instance, the resulting micro- 
structure is largely dependent upon the composition. 
The composition will, of course, similarly control the 
microstructure for given cooling conditions in cast, as- 
rolled, or heat-treated carbon steels. 

The austenite-transformation behavior in carbon steel 
is determined almost entirely by the carbon and man- 
ganese content; the effects of phosphorus and sulphur 
are almost negligible, and the silicon contents are nor- 
mally so low that they are likewise ineffective. The 
carbon content is ordinarily chosen in accordance with 
the strength level desired and the manganese content 
then selected in order to produce suitable microstruc- 
ture and properties at this carbon level under the given 
cooling conditions. 

Microstnicture of Cast Steela— The microstructure of 
as-cast steels is, of course, determined by the composi- 
tion and cooling conditions in the same manner as in 
wrought steels. Cast steels are usually very coarse 
grained since the austenite forms at a high temperature, 
and the pearlite is usually coarse since the cooling 
through ^e critical range, particularly if the casting 
is cooled in the mold, is usually quite slow. In hypo- 
eutectoid steels, ferrite is precipitated ordinarily at the 
original austenite botindaries during the cooling. In 
hyper-eutectoid steels, cementite is similarly precipi- 
tated. Such mixtures of ferrite or cementite and coarse- 
grained coarse pearlite have, as would be expected, poor 
properties both in respect to strength and ductility, and 
heat treatment is usually necessary to obtain suitable 
microstructures and properties in cast steels. 


The dendritic segregation occurring during the solidi- 
fication of steel castings also results in an irregular 
microstructure and correspondingly poor properties, and 
the homogenization of this segregated structure is an- 
other function of the heat treatment of cast steels. 

A t 3 rpical microstructure of an as-cast carbon steel is 
shown in Figure 43 — 3. 

Effects of Hot Working — Most carbon steels are used 
in the form of as-rolled finished sections and the micro- 
structure and properties of these sections are determined 
largely by the composition, rolling practice and cooling 



Fxa. 43—3. As-cast microstnicture of OJH) per cent carbon 
stoeL Nital etch: 20QX. 
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conditions after rolling. The rolling or hot working of 
these sections is ordinarily carried out in the tempera- 
ture range at which the steel is austenitic and has four 
major effects, as follows: 

1. Considerable homogenization that tends to elimi- 
nate dendritic segregation occurs during the heating for 
rolling. 

2. The dendritic structure is broken up during rolling. 

3. Recrystallization occurs during rolling so that the 
final austenitic grain size is determined by the tempera- 
ture at which the last passes are made (the finishing 
temperature) . 

4. Dendrites and inclusions are reoriented in the roll- 
ing direction so that the final ductility in the rolling di- 
rection is markedly improved. 

Thus, the homogeneity and grain size of the austenite 
is largely determined by the rolling practice. It should 
be pointed out, however, that, as discussed in earlier 
chapters, the recrystallization characteristics of the aus- 
tenite and, therefore, the austenite-grain size character- 
istic of a given finishing temperature may be markedly 
sdfected by the steelmaking practice, particularly in re- 
spect to the deoxidation practice used. 

The distribution of the ferrite or cementite and the 
nature of the pearlite is, however, as has been explained 
earlier, determined by the cooling rate after rolling. 
Since the usual practice is air cooling, the final micro- 
structure and, therefore, the properties of these as-rolled 
sections will be principally dependent on the composi- 
tion and section size. 

Bars, rails or structural shapes are rolled in one direc- 
tion only and this rolling tends to orient the grains along 
the direction of rolling. Inclusions which are plastic at 
the rolling temperature are also elongated. This elonga- 
tion tends to improve the mechanical properties of the 
rolled steel as compared to the as-cast steel, when the 
material is subjected to stresses acting longitudinally, as 
in the case of tensile specimens cut in the direction of 
rolling. However, specimens cut transversely to the di- 
rection of aolling have lower values for elongation, 
reduction of area, and impact resistance than do the lon- 
gitudinal specimens. This effect is minimized by cross 



f*XQ. 43—4. Microstructure of full-hard cold-reduced black 
plate (85 per cent reduction). Nital etch; magnification: 
200X. 



Fiq. 43—5. Increase of tensile strength of plain carbon steel 
with increasing amounts of cold working. 



REDUCTION OF AREA IN DRAFTING, PER CENT 


Fus. 43—6. Effect of cold working on the ductility at plain 
carbon eteisL 
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rolling, i.e., by hot working in both directions, and this is 
frequently practiced in sheet and plate products. 

l^ects of Cold Working— The manufacture of wire, 
sheet and strip, and tubular products often involves a 
cold-working operation and the general effects of cold 
working will, therefore, be discussed in this chapter. The 
effects of this cold working may often be destroyed by a 
suitable annealing operation but some products, par- 
ticularly wire, are used in the cold-worked condition. 

A typical microstructure of a heavily cold-worked 
steel is shown in Figure 43 — 4. The elongation of the 
ferrite and pearlite grains and the generally distorted 


microstructure are characteristic. The most pronounced 
effect of this cold work is an increase in strength and 
hardness and a decrease in ductility as represented by 
elongation and reduction of area. The effects of cold 
working on tensile strength and elongation are shown in 
Figures 43—5 and 43—6. Upon reheating cold-worked 
steel to the recrystallization temperature (750 ® F) or 
above, depending upon composition, amount of cold 
work and other variables, the original microstructure 
and properties may be restored. The annealing of cold- 
worked steels (process annealing) has been discussed in 
the chapter on heat treatment. 


SECTION 4 

HEAT TREATMENT OF CARBON STEELS 


Although the majority of carbon steels are used with- 
out a final heat treatment, heat treatment may be em- 
ployed to improve the microstructure and properties for 
specific applications. The principles of these heat treat- 
ments have been discussed in Chapter 42 and many of 
the heat-treating practices have been described in detail 
in the chapters of the various carbon -steel products. As 
mentioned earlier, the heat treatment of cast carbon 
steels improves the properties of the material by break- 
ing up the dendritic structure and refining the grain size 
and microstructure. These treatments usually involve 
normalizing the castings at a high temperature to homog- 
enize the dendritic structure, followed by annealing at 
a lower temperature for grain refinement. The use of a 
final quenching and tempering treatment to obtain 
optimum microstructure and properties in castings is, 
however, becoming an increasingly common practice. 
The heat treatment employed in processing wrought 
steel products are described in the following paragraphs. 

Annealing — Annealing is practiced for applications re- 
quiring better machinability or formability than would 
be obtained with the as-rolled microstructure. This is 
usually a full anneal to form coarse pearlite, although a 
sub-critical anneal or spheroidizing treatment is oc- 
casionally practiced. Process annealing to obtain op- 
timum formability in cold-rolled strip, sheet and tubing 
is, of course, a universal practice. 

Normalizing — The grain size of as-rolled products is, 
as described above, largely dependent upon the finishing 
temperature in rolling and this is difficult to control. 


Therefore, a final normalizing treatment from a rela- 
tively low temperature may be used to establish a fine 
uniform grain size for critical applications in respect to 
ductility or toughness. 

Quenching and Tempering— The quenching and tem- 
pering of plain carbon steels to obtain optimum micro- 
structures and properties is being increasingly practiced. 
Because of the relatively low hardenability of those 
steels, this type of treatment falls generally into two 
classifications, as follows: 

1. Heat treatment to produce essentially tempered 
martensite for optimum properties. Hardenability re- 
strictions limit the application of this type of treatment 
to section sizes of not more than % to inch. It is, how- 
ever, commonly practiced for small tools, sheet and strip, 
etc., which fall within this size limitation. 

2. Heat treatment to form fine pearlite. Quite large 
sections of plain carbon steels may be quenched and 
tempered to produce fine pearlite microstructures, 
thereby making available the greatly improved strength 
and ductility associated with this microstructure as com- 
pared with the properties of the coarse pearlite of the 
usual as-rolled or normalized products. 

Austempering — Thin sections (0.2-inch and below) of 
carbon steels are particularly suitable for au.stempering, 
since the times for transformation to bainite are rela- 
tively short and this heat treatment is likewise being 
increasingly practiced for applications requiring tough- 
ness at high hardness in such section sizes. 


SECTION 5 

AGING IN CARBON STEELS 


Aging in steel is manifested as a spontaneous increase 
in hardness at room temperature, the process being ac- 
celerated by raising the temperature slightly. It is gen- 
erally assumed to be caused by the disintegration of a 
supersaturated solid solution. In a system in which the 
solid solubility of the solute decreases sharply with tem- 
perature, the solute may be retained in supersaturated 
solid solution on rapid cooling, but it will tend to pre- 
cipitate out on standing. Such incipient or complete 
precipitation is considered to be the cause of aging in 
steels. This precipitation is accelerated by straining, and 
straining frequently plays an important part In the aging 
of steel. To separate the effects of straining from the 
effects of precipitation in the absence of strain, aging in 
the absence of strain is referred to as quench aging, and 
aging after or during straining is known as strain aging. 

The elements in carbon steel which seem most likely 


to cause aging are carbon, oxygen and nitrogen. Curves 
for the change of solubility of these three elements in 
ferrite as a function of temperature, are shown in Figure 
43 — 7. These curves are all of the type that can lead to 
aging. Probably all three of these elements play a part 
in the aging of steel, but it is very difficult to Isolate their 
individual effects. 

The general nature of the hardness increase from 
quench aging is shown in Figure 43 — 8. It will be noted 
that aging above room temperature results in a more 
rapid hardness increase, but that the maximum hardness 
attained is lower than in steel aged at room temperature. 
Aging for times beyond that corresponding to the maxi- 
mum hardness results in a decrease in hardness. This is 
sometimes called overaging. 

It has been foimd that steels which are drastically de- 
oxidized with aluminum or aluminum and titanium are 
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Fig. 43—7. Effect of temperature upon the solubilities of carbon, oxygen, and nitrogen in ferrite. (From ‘‘Metals Hand- 
book,” 1948 Edition; American Society for Metals.) 



Fig. 43—8. Changes in hardness of 0.06 per cent carbon 
steel quenched from 1325 ® F after aging at indicated tem- 
peratures. (From “Metals Handbook,” 1948 Edition; 
American Society for Metals.) 



Pic. 43—9. Effect of deoxidation practice on 
quench-aging characteristics of carbon 
steels (F?om ‘‘Metals Handbook,” 1948 Edi- 
tion; American Society for Metals.) 


essentially non-aging and that the rimmed and Bessemer 
steels are the most susceptible to aging. This effect is il- 
lustrated by Figure 43 — 9, which shows the increase in 
hardness resulting from quench aging in steels with 
three different deoxidation practices as a function of 
carbon content. It is perhaps significant that the maxi- 
mum aging effect was found at 0.04 per cent carbon, 
which is approximately the maximum solid solubility of 
carbon in ferrite. In general, the changes in hardness on 
strain aging are somewhat less than those from quench 
aging, but there is some indication that strain aging may 
be more embrittling than quench aging. 

The effects of strain aging on the impact properties of 
steels with different manufacturing practices are shown 
in Figure 43 — 10. The Izett steel is a strongly deoxidized 
“non-aging” steel. Since these tests were made immedi- 
ately after straining, the embrittlement represents a 
combination of the effect of cold working and of precipi- 
tation occurring during the straining. Further embrittle- 
ment would result from aging, particularly accelerated 
aging, and a maximum embrittlement has been found in 
heating about Vz hour at 500 F. 

The effect of aging is also reflected in the character- 
istics of the stress-strain curve. Most as-rollcd carbon 
steels show a jog in the stress-strain curve or a drop 
of the beam at the yield point in tensile testing. This jog 
or drop of the beam disappears if the specimen has been 
subjected to a previous strain, but again reappears upon 
aging after this straining. This phenomenon does not oc- 
cur, however, in a strongly deoxidized “non-aging” steel. 
This effect on the stress-strain curves is illustrated in 
Figure 43 — 11. 

Still another manifestation of the strain aging phe- 
nomenon is the increased hardness and decreased duc- 
tility of steels aged at 400 ” to 500 ** F, as shown by tensile 
tests at this temperature. This phenomenon is illustrated 
in Figure 43—12 and the distinction between the stabi- 
lized and aging type of steel is apparent. 

These aging phenomena are of importance for appli- 
cations of carbon steels in which formability or tough- 
ness are of importance, and possible embrittlement from 
strain aging must be given careful consideration when- 
ever a material is subjected to strain during fabrication 
or use. The yield point phenomenon discussed above is 
of importance in the stamping or drawing of sheet, since 
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Fig. 43 — ^10. Effect of cold work on impact resistance of aging and non-aging steels. Izett is the only non-aging steel in 
this series. (From “Metals Handbook,” 1948 Edition; American Society for Metals.) 
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Fic. 43-— 11. Effects of strain a^ng on the characteristics of the stress-strain 
curves obtained by tension testing of plain carbon steels. (From “Metals Hand- 
book,” 1948 Edition; American Society for Metals.) 


Fig. 4^12. Effect of testing tempera- 
ture on the tensile strength of ordi- 
nary mild steel compared to stabilized 
steel. (From “Metals Handbook/' 
1948 Edition; American Society for 
Metals.) 
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the jog In the stress-strain curve will be reflected in a 
roughe^ of the surface, known as stretcher strains. 
Galvanizing embrittlement is also a reflection of strain 


aging with the short time exposure at 850* F of the gal- 
vanizing treatment constituting an accelerated aging 
treatment 


SECTION 6 

EFFECT OF RESDUAL ELEMENTS 


In addition to the carbon, manganese, phosphorus, sul- 
phur and silicon which are always present, carbon steels 
may contain small amounts of other elements. These in- 
clude gases, such as hydrogen, oxygen or nitrogen 
which are introduced during the steelmaking process, 
nickel, copper, molybdenum, chromium and tin which 
may be present in the scrap, and aluminum, titanium, 
vanadium, zirconium or boron which may be introduced 
during the deoxidation process. 

The effects of oxygen and nitrogen have been dis- 
cussed in the section on aging, and their effect on aging 
is their principal effect in carbon steel. 

In steel, hydrogen has a definite embrittling effect, the 
mechanism of which is not well understood. Allhou,'h 
hydrogen will diffuse out of steel at room temperature if 
sufficient time is allowed, tension tests on carbon steels 
will show low ductility if made soon after rolling and the 
ductility will increase on aging at room temperature or 
after shorter times at .slightly elevated temperatures. 
This effect is, of course, more pronounced in larger sec- 
tion sizes because of the longer time required for the 
diffusion of hydrogen to the surface. Hydrogen contents 
of about 0.0005 per cent will give rise to this effect and 
such contents are common in as-rolled steels. 

Hydrogen also plays an important role in the phe- 
nomenon known as flaking which is manifested as in- 
ternal cracks or bursts, usually occurring during the 
cooling from rolling or forging. The phenomenon is more 
pronounced in heavy sections and in the higher carbon 
steels. In carbon steels, flaking may be prevented by 
slow cooling after rolling or forging. This slow-cooling 
operation presumably permits the hydrogen to diffuse 
out of the steel and thereby minimizes the susceptibility 
to flaking. Such a controlled slow-cooling operation 
after rolling is now standard practice in the manufacture 
of rails, and this practice has practically eliminated the 


occurrence of flaking and resultant occasional "trans- 
verse fissure*’ failures. 

The alloying elements, such as nickel, chromium, 
molybdenum and copper, which may be introduced in 
the scrap will, of course, increase the hardenability of 
carbon steels, although, since the percentages are ordi- 
narily low, this effect will usually not be large. It may, 
however, change the heat-treating characteristics and 
for applications in which ductility is important, such as 
steels for deep drawing, the increased hardness from 
these residual elements may be serious. 

Tin in relatively low amounts is harmful in steels for 
deep drawing, but for most applications the effect of tin 
in the amounts ordinarily present is negligible. 

Aluminum, as described above, is generally desirable 
since it acts as a grain refiner and tends to decrease the 
susceptibility to strain aging. It has the disadvantage, 
however, that it tends to promote graphitization and is, 
therefore, undesirable in steels to be used for high- 
temperature applications. The other elements which may 
be introduced as deoxidizers, titanium, vanadium or zir- 
conium, arc, unless intentionally added, ordinarily pres- 
ent in such small amounts as to be generally ineffective. 

Boron in amounts as low as 0.001 per cent may 
markedly increase hardenability, but the boron contents 
are ordinarily well below this value and are ineffective. 



Chapter 44 
ALLOY STEELS 


Introductory — Alloy steels may be defined as those 
steels which owe their enhanced properties to the pres- 
ence of one or more special elements or to the presence 
of larger proportions of elements such as manganese 
and silicon than are ordinarily present in carbon steel. 
The major classifications of steels containing alloying 
elements are as follows: 

1. High-strength low-alloy steels 

2. AISI alloy steels 

3. Alloy tool steels 


4. Stainless steels 

5. Heat-resisting steels 

6. Electrical steels (silicon steels) 

The high-strength low-alloy steels, stainless steels, 
heat-resisting steels, and electrical steels are discussed 
in other chapters. This chapter covers the AISI alloy 
steels, often referred to commonly as "'constructional 
alloy steels,” and the alloy tool steels, with an intro- 
ductory discussion of the functions of the alloying ele- 
ments. 


SECTION 1 

FUNCTIONS OP THE ALLOYING ELEMENTS 


As stated above, alloying elements are added to steel 
to enhance its properties. In the broadest sense, alloy 
steels may contain up to approximately 50 per cent of 
alloying elements, and the enhancement of properties 
may be a specific and direct function of the alloying ele- 
ments, as in the instances of the increased corrosion re- 
sistance of the high-chromium steels and the enhanced 
electrical properties of the silicon steels. In the nar- 
rower and more technical sense, however, the term 
“alloy steels” refers to the heat-treatable alloy con- 
structional and automotive steels which contain from 
about one to three or four per cent of alloying elements. 
The American Iron and Steel Institute definition of alloy 
steel is as follows: “By common custom steel is con- 
sidered to be alloy steel when the maximum of the 
range given for the content of alloying elements exceeds 
one or more of the following limits: manganese, 1.65 per 
cent; silicon, 0.60 per cent; copper, 0.60 per cent; or in 
which a definite range or a definite minimum quantity 
of any of the following elements is specified or required 
within the limits of the recognized field of construc- 
tional alloy steels: aluminum, boron, chromiiim up to 
3.99 per cent, cobalt, columbium, molybdenum, nickel, 
titanium, tungsten, vanadium, zirconium, or any other 
alloying element added to obtain a desired dloying 
effect.” 

Such steels have been standardized and classified 
jointly by the American Iron and Steel Institute and the 
Society of Automotive Engineers, and represent by far 
die largest tonnage of alloy steels. Alloy steels of this 
type are generally known as “AISI alloy steels” and 
will be so designated in this chapter. As previously 
stated, they are also commonly referred to as “construc- 
tional alloy steels.” The composition of these steels is 
shown in Table 44—1. 

As was emphasized in the chapter on heat treatment, 
the mechanical properties of steel are dependent upon 
its microstructure. In the AISI alloy steels the effect of 
the alloying is indirect; i.e., through their influence on 
the microstructure of the material. The AISI alloy steels 
make it possible to attain desirable microstructures and 
corresponding desirable properties over a very much 


wider range of sizes and sections than is possible with 
the carbon steels. 

Hardenability— The mechanism by which the alloying 
elements affect the microstructure obtained with a given 
heat treatment is discussed in the chapter on heat treat- 
ment. It is shown that the alloying elements in general 
decrease the rates of transformation of austenite at sub- 
critical temperatures, thereby facilitating the attain- 
ment of low-temperature transformation to martensite 
or lower bainite when these are the end products de- 
sired, without prior transformation to unwanted higher 
temperature products. It was pointed out that this 
fimction of the alloying elements could be evaluated 
and expressed in terms of the property known as hard- 
enability. Alloying elements thus contro^microstructure 
through their effect on hardenability, and this harden- 
ability effect is by far their most important function. 

It was also shown in the chapter on heat treatment 
that the properties of tempered martensite, which repre- 
sents the most desirable microstructure in respect to 
strength and toughness, were characteristic of the mi- 
crostructure rather than of the composition. Thus, alloy 
steels of equal hardenabilities, but utilizing different 
combinations of alloying elements, are generally inter- 
changeable for heat treatment to produce this micro- 
structure. This principle permits an intelligent choice 
of alloy combinations which, for reasons of economy or 
availability, are best suited for particular applications. 
This principle was widely used during World War II to 
develop substitute compositions utilizing the alloying 
elements most available at the time, thereby conserving 
the scarcer alloying elements. 

Effects of the Alloying Elements on Hardenability— 
The Multiplying Factor Principle— The effects of the 
alloys on grain size or hardenability may be quantita- 
tively evaluated by hardenability measurements on a 
series of steels in which a single alloying element is the 
only variable. This method is illustrated by Figure 44—1 
which shows the hardenabilities of two series of steels in 
terms of ideal diameter for a microstructure of 50 per 
cent martensite. These series were made by additions 
of phosphorus to successive ingots so that in each series 
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Table 44-4. Chemical ComposlUons of Open Hearth and Electric Furnace AUoy Steels 

(Bars, Billets, Blooms and Slabs). 

(The raDses and limits in this table apply to steel not exceeding 200 sq. in. in cross-sectional area.) 
Chemical Composition Ranges and Limits, per cent 


AlSl 


Mn 

P 

s 


Ni 

Cr 

Mo 

V 

Number 



(Max.) 

(Max.) 




(Min.) 

1330 

0.28/0.33 

1.60/1.90 

0.040 

0.040 

0.20/0.35 





1335 

0.33/0.38 

1.60/1.90 

0.040 

0.010 

0.20/0.35 







1340 

0.38/0.43 

1.60/1.90 

0.040 

0.010 

0.20/0.35 







1345 

0.43/0.48 

1.60/1.90 

0.040 

0.040 

0.20/0.36 



— 




2317 

0.15/0.20 

0.40/0.60 

0.040 

0.010 

0.20/0.35 

3.25/3.75 





2515 

0.12/0.17 

0.40/0.60 

0.040 

0.040 

0.20/0.35 

4.75/5.25 

— 




E2517 

0.15/0.20 

0.45/0.00 

0.025 

0.025 

0.20/0.35 

4.75/5.25 

— 

— 


3120 

0.17/0.22 

0.60/0.80 

0.040 

0.010 

0,20/0.35 

1.10/1.40 

0.55/0.76 




3130 

0.28/0.33 

0,00/0.80 

0.0 40 

0.040 

0.20/0.35 

1.10/1.40 

0.55/0.76 

— 


3135 

0.33/0.38 

0.60/0.80 

0.040 

0.010 

0.20/0.35 

1.10/1.40 

0.55/0,75 

— 


3140 

0.38/0.43 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

1.10/1.40 

0.65/0.75 

— 


E3310 

0.08/0.13 

0.45/0.60 

0.025 

0.025 

0.20/0.35 

3.25/3.76 

1.40/1.76 

— 


E3316 

0.14/0.19 

0.45/0.60 

0.025 

0.025 

0.20/0.35 

3.25/3.75 

1.40/1.75 

— 


4023 

0.20/0,25 

0.70/0.90 

0.010 

0.010 

0.20/0.35 

— 

— 

0.20/0.30 


4024 

0.20/0.25 

0.70/0.90 

0.040 

0.035/ 

0.20/0.35 

— 

— 

0.20/0.30 






0.050 






4027 

0.25/0.30 

0.70/0.90 

0.040 

0.040 

0.20/0. a 35 

— 

— 

0.20/0.30 


4028 

0.25/0.30 

0.70/0.90 

0.040 

0.035/ 

0.20/0.35 

— 

— 

0.20/0.30 






0.050 






4032 

0.30/0.36 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

— 

0.20/0.30 


4037 

0.35/0.40 

0.70/0.90 

0.040 

0.010 

0.20/0.35 

— 

— 

0.20/0.30 


4042 

0,40/0.45 

0.70/0.90 

0.010 

0.040 

0.20/0.35 

— 

— 

0.20/0.30 


4047 

0.45/0.50 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

— 

0.20/0..30 


4053 

0.50/0.56 

0.75/1.00 

0.010 

0.040 

0.20/0.35 

— 

— 

0.20/0.30 


4063 

0.00/0.67 

0.75/1.00 

0.040 

0.040 

0.20/0.36 

— 

— 

0.20/0..30 


4068 

0.63/0.70 

0.75/1.00 

0.010 

0.040 

0.20/0.35 

— 

— 

0.20/0.30 


4118 

0.18/0.23 

0.70/0.90 

0.040 

0 040 

0.20/0.35 

— 

0.40/0.60 

0.08/0.15 


4130 

0.28/0.33 

0.40/0.60 

0.040 

0.040 

0.20/0.35 

— 

0.80/1.10 

0.15/0.25 


TS 4130 

0.28/0.33 

0.45/0.65 

0.040 

0.010 

0.20/0.35 

— 

0.90/1.20 

0.08/0.15 


TS4132 

0.30/0.35 

0.45/0.65 

0.040 

0.040 

0,20/0.35 

— 

0.90/1.20 

0.08/0.15 


4135 

0.33/0.38 

0.70/0.90 

0.0 40 

0.040 

0.20/0.35 

— 

0.80/1.10 

0.15/0.25 

— 

4137 

0.35/0.40 

0.70/0.00 

0.040 

0.040 

0.20/0.35 

— 

0.80/1.10 

0.16/0.25 

— 

TS 4137 

0.35/0.40 

0.7 a 5/1.00 

0.040 

0.010 

0.20/0.35 

— 

0.90/1.20 

0.08/0.15 

— 

4140 

0.S8/0.43 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

— 

0.80/1.10 

0.15/0.25 

— 

TS 4140 

0.38/0.43 

0.80/1.05 

0.040 

0.040 

0.20/0.35 

— 

0.90/1.20 

0.08/0.15 

— 

4142 

0.40/0.45 

0.75/1.00 

0.0 to 

0.040 

0.20/0.35 

— 

0.80/1.10 

0.15/0.25 

— 

TS 4142 

0.40/0.45 

0.80/1.05 

0.040 

0.040 

0.20/0.36 

— 

0.90/1.20 

0.08/0.15 

— 

4145 

0.43/0.48 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

— 

0.80/1.10 

0.15/0.25 

— 

TS 4145 

0.43/0.48 

0.80/1.05 

0.040 

0 040 

0.20/0.35 

— 

0.90/1.20 

0.08/0.15 

— 

4147 

0.45/0.50 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

— 

0.80/1.10 

0.15/0.25 

— 

4150 

0.48/0.53 

0.75/1.00 

0.040 

0,010 

0.20/0.35 

— 

0,80/1,10 

0.15/0.25 

— 

TS4160 

0.48/0.53 

0.80/1,05 

0.040 

0.010 

0.20/0.35 

— 

0.90/1.20 

0.08/0.15 

— 

4320 

0.17/0.22 

0.45/0.65 

0.040 

0.010 

0.20/0.s35 

1.65/2.00 

0.40/0.60 

0.20/0.30 

— 

4337 

0.35/0.40 

0.60/0.80 

0.040 

0.040 

0.20/0.35 

1.65/2.00 

0.70/0.90 

0.20/0.30 

— 

E4337 

0.35/0.40 

0.65/0.85 

0.025 

0.025 

0,20/0.35 

1.05/2.00 

0.70/0.90 

0.20/0.30 

— 

4340 

0.38/0.43 

0.60/0.80 

0.040 

0.040 

0.20/0.35 

1.65/2.00 

0.70/0.90 

0.20/0 30 

— 

E4340 

0.38/0.43 

0.65/0.85 

0.025 

0.025 

0.20/0.36 

1.65/2.00 

0.70/0.90 

0.20/0.30 

— 

4608 

0.06/0.11 

0.25/0.45 

0.040 

0.040 

0.25 Max. 

1.40/1.76 

— 

0.15/0.25 

— 

4615 

0.13/0.18 

0.46/0.65 

0.040 

0.040 

0.20/0.35 

1.65/2.00 

— 

0.20/0.30 

— 

4617 

0.15/0.20 

0.45/0.65 

0.040 

0.040 

0.20/0.35 

1.65/2.00 

— 

0.20/0.30 

— 

4620 

0.17/0.22 

0.45/0.65 

0.040 

0.040 

0,20/0.35 

1.05/2.00 

— 

0.20/0.30 

— 

X4620 

0.18/0.23 

0.50/0.70 

0.010 

0.040 

0.20/0.35 

1.65/2.00 

— 

0.20/0,30 

— 

4621 

0.18/0.23 

0.70/0.90 

0.010 

0.040 

0.20/0.35 

1.65/2.00 

— 

0.20/0.30 

— 

4640 

0.38/0.43 

0.60/0.80 

0.040 

0.040 

0.20/0.35 

1.65/2.00 

— 

0.20/0.30 

— 

4720 

0.17/0.22 

0. s 50/0.70 

0.010 

0.010 

0.20/0.35 

0.90/1.20 

0.36/0.55 

0.15/0.25 

— 

4812 

0.10/0.15 

0.40/0.60 

0.040 

0.0 10 

0.20/0.35 

3.25/3.75 

— 

0.20/0.30 

— 

4816 

0.13/0.18 

0.40/0.C0 

0.040 

0.040 

0.20/0.36 

3.25/3.75 

— 

0.20/0.30 

— 

4817 

0.15/0.20 

0.40/0.60 

0.040 

0.010 

0.20/0.35 

3.25/3.76 

— 

0.20/0.30 

— 

4820 

0.18/0.23 

0.60/0.70 

0.040 

0.040 

0,20/0.36 

3.25/3.76 

— 

0.20/0.30 

— 

6016 

0.12/0.17 

0.30/0.60 

0.040 

0.040 

0.20/0.35 

— 

0.30/0.50 

— 

— 


(Continued on neoct pngo> 


Corre- 

spond- 

ing 

SAE 

Number 


1.330 

1335 

13^0 

1345 

2317 

2515 

2517 

3120 

3130 

3135 

3140 

3310 

3316 

4023 

4024 

4027 

4028 

4032 

4037 

4042 

4047 

4053 

4063 

4068 

4118 

4130 


4136 

4137 

4140 

4142 

4146 

4147 
4160 

4320 

4337 

4340 

E4340 

4608 

4615 

4617 

4620 
X4620 

4621 
4640 
4720 
4812 

4816 

4817 
4820 
6015 
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THE MAKING, SHAPING AND TREATING OF STEEL 

Table 44—1 (Continued). Chemical Compositions of Open Hearth and Electric Furnace Alloy Steels 

(Bars, Billets, Blooms and Slabs). 

(The ranges and limits in this table apply to steel not exceeding 200 sq. in. in cross-sectional area.) 




Chemical Composition Hangos and Limits, per cent. 



Corro- 

AISI 

Number 

C 

Mn 

P 

(Max.) 

s 

(Max.) 

Si 

Ni 

Cr 

Mo 

ing 

V SAE 

(Min.) Number 

6046 

0.43/0.50 

0.75/1.00 

0.040 

0.040 

0.20/0.35 



0.20/0.35 





5040 

6117 

0.15/0.20 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

— 

5117 

6120 

0.17/0.22 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

— 

5120 

5130 

0.28/0.33 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.80/1.10 

— 

— 

5130 

6132 

0.30/0.35 

0.60/0.80 

0.040 

0.010 

0.20/0.35 

— 

0.75/1.00 

— 

— 

5132 

5135 

0.33/0.38 

0.60/0.80 

0.040 

0.010 

0.20/0.35 

— 

0.80/1.05 

— 

— 

5135 

5140 

0.38/0.43 

0.70/0.90 

0.040 

0.010 

0.20/0.35 

— 

0.70/0.90 

— 

— 

5140 

5145 

0.43/0.48 

0.70/0,90 

0 040 

0.010 

0.20/0.35 

— 

0.70/0.90 

— 

— 

5145 

5147 

0.45/0.52 

0.70/0.95 

0.040 

0.040 

0.20/0.35 

— 

0.85/1.15 

— 

— 

5147 

5150 

0.48/0.53 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

— 

5150 

5152 

0.48/0.55 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.90/1.20 

— 

— 

5152 

5155 

0.60/0.60 

0.70/0.90 

0.010 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

— 

5155 

5160 

0.65/0.65 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

— 

0.70/0.90 

— 

— 

51 iO 

E60100 

0.95/1.10 

0.25/0.45 

0.025 

0.025 

0.20/0.35 

— 

0.40/0.60 

— 

— 

50100 

E51100 

0.95/1.10 

0.25/0.45 

0.025 

0.025 

0.20/0.35 

— 

0.90/1.15 

— 

— 

51100 

E52100 

0.95/1.10 

0.25/0.45 

0.025 

0.025 

0.20/0.35 

— 

1.30/1.60 

— 

— 

52100 

6117 

0.15/0.20 

0.70/0.90 

0.010 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

0.10 

6117 

6120 

0.17/0.22 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

0.10 

6120 

6145 

0.43/0.48 

0.70/0.90 

0.040 

0.010 

0.20/0.35 

— 

0.80/1.10 

— 

0.15 

6145 

6150 

0.48/0.53 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

— 

0.80/1.10 

— 

0.15 

6150 

TS 8115 

0.13/0.18 

0.70/0.90 

0.040 

0.010 

0.20/0.35 

0.20/0.40 

0.30/0.50 

0.08/0.15 

— 


TS 8120 

0.18/0.23 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.20/0.40 

0.30/0.50 

0.08/0.15 

— 


TS8122 

0.20/0.25 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.20/0.40 

0.30/0.50 

0.08/0.15 

— 


TS 8126 

0.23/0.28 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.20/0.40 

0.30/0.50 

0.08/0.15 



TS 8127 

0.25/0.30 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.20/0.40 

0.30/0..50 

0.08/0.15 

— 


8615 

0.13/0.18 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8615 

TS 8615 

0.13/0.18 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.30/0.60 

0.55/0.75 

0.08/0.15 

— 


8617 

0.15/0.20 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8617 

TS 8617 

0.15/0.20 

0.70/0.90 

0.010 

0.040 

0.20/0.35 

0.30/0.60 

0.55/0.75 

0.08/0.15 

— 


8620 

0.18/0.23 

0.70/0.90 

0.010 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8620 

TS 8620 

0.18/0.23 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.30/0.60 

0.55/0.75 

0.08/0.15 

— 


8622 

0.20/0.25 

0.70/0.90 

0.010 

0.040 

0,20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8622 

8625 

0.23/0.28 

0.70/0.90 

0.040 

0.010 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8625 

8627 

0.25/0.30 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8627 

8630 

0.28/0.33 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8030 

8635 

0.33/0.38 

0.75/1,00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8635 

8637 

0.35/0.40 

0.76/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8637 

8640 

0.38/0.43 

0.76/1.00 

0.010 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8640 

8641 

0.38/0,43 

0.75/1.00 

0.040 

0.040/ 

0.060 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8641 

8642 

0.40/0.45 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8642 

8645 

0.43/0.48 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8645 

8650 

0.48/0.53 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8650 

8653 

0.50/0.56 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.50/0.80 

0.15/0.25 

— 

8653 

8655 

0.60/0.60 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8655 

8660 

0.65/0.66 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.15/0.25 

— 

8660 

8715 

0.13/0.18 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.20/0.30 

— 

8715 

8717 

0.15/0.20 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.20/0.30 

— 

8717 

8720 

0.18/0.23 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.20/0.30 

— 

8720 

8735 

0.33/0.38 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.20/0.30 

— 

— 

8740 

0.38/0.43 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0,40/0.60 

0.20/0.30 

— 

8740 

8742 

0.40/0.45 

0.76/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0-40/0.60 

0.20/0.30 

— 

8742 

8750 

0.48/0.53 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.40/0.70 

0.40/0.60 

0.20/0.30 

— 

8750 

9255 

0.60/0.60 

0.70/0.95 

0.040 

0.040 

1.80/2.20 

— 

— 

— 

— 

9255 

9260 

0.55/0.65 

0.70/1.00 

0.040 

0.040 

1.80/2.20 

— 

— 

— 

— 

9260 

9261 

0.55/0.65 

0.75/1.00 

0.040 

0.040 

1.80/2.20 

— 

0.10/0.25 

— 

— 

9261 

9262 

0.55/0.65 

0.75/1.00 

0.040 

0.040 

1.80/2.20 

— 

0.25/0.40 

— 

— 

9262 

E9310 

0.08/0.13 

0.46/0.65 

0.026 

0.025 

0.20/0.36 

3.00/3.50 

1.00/1.40 

0.08/0.15 

— 

9310 

E9314 

0.11/0.17 

0.40/0.70 

0.025 

0.025 0.20/0.35 3.00/3.50 

(ContUuMd on iMxt pag*) 

1.00/1.40 

0.08/0.15 
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Table 44-1 (Contliined). Chemical Compositions of Open Hearth and Electric Furnace Alloy Steels 

(Ban, BiUets, Blooms and Slabs). 

(The ranges and limits in this table apply to steel not exceeding 200 sq. in. in cross-sectional area.) 


Chemical Composition Ranges and Limits, per cent Corre- 

spond- 


AISl 

Number 

c 

Mn 

P 

(Max.) 

S 

(Max.) 

Si 

Ni 

Cr 

Mo 

ing 

V SAE 

(Min.) Number 

9840 

0.38/0.43 

0.70/0.00 

0.040 

0.010 

0.20/0.35 

0.85/1.15 

0.70/0.90 

0.20/0.30 


9840 

9845 

0.43/0.48 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.85/1.15 

0.70/0.90 

0.20/0.30 




9850 

0.48/0.53 

0.70/0.90 

0.040 

0.040 

0.20/0.35 

0.85/1.15 

0.70/0.90 

0.20/0.30 

— 

9850 


BORON STEELS 

(These steels can be expected to have 0.0005 per cent minimum boron content.) 


AISI 

Number 


Chemical Composition Ranges and Limits, per cent 




Corre- 

spond* 

ing 

SAE 

Number 

c 

Mn 

P 

(Max.) 

s 

(Max.) 

Si 

Ni 

Cr 

Mo V 

(Min.) 

TS 14B35 

0.33/0.38 

0.75/1.00 

0.040 

0.010 

0.20/0.35 










TS 14B50 

0.48/0.53 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

— 

— 

— 

— 


T8 43BV12 

0.08/0.13 

0.75/1.00 

0.040 

0.040 

0.20/0.40 

1.65/2.00 

0.40/0.00 

0.20/0.30 

0.03 


TS43BV14 

0.10/0.15 

0.45/0.65 

0.010 

0.010 

0.20/0.35 

1.05/2.00 

0.40/0.60 

0.08/0.15 

0.03 


46B12 

0.10/0.15 

0.45/0.65 

0.040 

0.040 

0.20/0.35 

1.65/2.00 

— 

0.20/0.30 

— 

46B12 

50B30 

0.27/0.34 

0.70/1.00 

0.0 to 

0.010 

0.20/0.35 

— 

0.35/0.00 

— 

— 


50B35 

0.32/0.39 

0.70/1.00 

0.010 

0,040 

0.20/0.35 

— 

0.35/0.00 

— 

— 


60B40 

0.37/0.45 

0.70/1.00 

0.010 

0.010 

0.20/0.35 

— 

0.35/0.60 

— 

— 


50B44 

0.42/0.50 

0.70/1.00 

0.010 

0.010 

0.20/0.35 


0.35/0.60 

— 

— 


50B46 

0.43/0.50 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

— 

0.20/0.35 

— 

— 

50B46 

60B50 

0.48/0.53 

0.75/1.00 

0.040 

0.040 

0.20/0.35 


0.40/0.60 

— 

— 

50B50 

50B60 

0.55/0.65 

0.75/1.00 

0.040 

0,010 

0.20/0.35 

— 

0.40/0.()0 

— 

— 

60BG0 

51B60 

0.55/0.65 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

— 

0.70/0.90 

— 

— 

61 BOO 

81B45 

0.43/0.48 

0.75/1.00 

0.010 

0.040 

0.20/0.35 

0.20/0. 10 

0.35/0.55 

0.08/0.15 

— 

81B45 

86B45 

0.43/0.48 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

0.40/0.70 

0.10/0.60 

0.15/0.25 

— 

86B45 

94B15 

0.13/0.18 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.30/0.00 

0.30/0.50 

0.08/0.15 

— 

94B15 

94B17 

0.15/0.20 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

0.30/0.00 

0.30/0.50 

0.08/0.15 

— 

91B17 

TS 94B30 

0.28/0.33 

0.75/1.00 

0.040 

0.040 

0.20/0.35 

0.30/0.00 

0.30/0.50 

0.08/0.15 



TS 94B40 

0.38/0.43 

0.75/1.00 

0.040 

0.010 

0.20/0.35 

0.30/0.00 

0.30/0.50 

0.08/0.15 

— 



Note 1. Grades sliown in the above list with prefix letter E generally are manufactured by the basic electric furnace process. 
All others are normally manufactured by the basic open hearth process but may be manufactured by the basic electric furnace 
process with adjustments in phosphorus and sulphur. 

Note 2. The phosphorus and sulphur limitations for each process are as follows: 

Basic electric furnace — 0.025 maximum per cent 
Basic open hearth — 0.040 maximum per cent 
Acid electric furnace — 0.050 maximum per cent 
Acid open hearth — 0.050 maximum per cent 

Note 3. Minimum silicon limit for acid open hearth or acid electric furnace alloy steel is 0.15 per cent. 

Note 4. Small quantities of certain elements are present in alloy stools which are not specified or required. These elements are 
considered as incidental and may be present to the following maximum amounts: Copper, 0.36 per cent; Nickel, 0.26 per cent; 
Chromium, 0.20 per cent and Molybdenum, 0.06 per cent. 

Note 6 . Where minimum and maximum sulphur content is shown it is indicative of resulphurized steels. 

Note 6. TS denotes tentative standard stools. 


the composition was constant except for the phosphorus. 
It will be noted that the hardenability increases regu- 
larly with increasing phosphorus content, and that the 
rate of increase is more rapid for the steel of the higher 
base hardenability. In order to obtain a numerical 
evaluation of the effect of phosphorus on hardenability, 
the hardenahilities of the steels containing phosphorus 
*nay he divided by the base hardenability of the steel 
containing no phosphorus. This value expressing the 
effect of the element on hardenability is known as a 
multiplying factor^ and the multiplying factors for phos- 


phorus, derived from the series in Figure 44 — 1, are 
plotted in Figure 44 — 2. It will be seen that a steel with 
0.020 per cent phosphorus will have 1.05 times the 
hardenability of a steel with no phosphorus, while a steel 
with 0.100 per cent phosphorus would have roughly one 
and one quarter times the base hardenability. Also, with 
this information, the effect of increasing the phosphorus 
content from 0.020 to 0.100 per cent can be evaluated by 
multiplying the hardenability of the 0.020 per cent 

1 27 

phosphorus steel by or 1.21. 

1.05 
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Fio. 44—1. Hardenabillty as a function of phosphorus 
content in two series of steels. 


The pioneer work of this nature was done by Gross- 
mann in 1941. Hardenabillty factors for many of the 
common alloying elements, as well as hardenabillty 
values for pure iron-carbon alloys and the effect of grain 
size, were evaluated at that time. These factors have, in 
some cases, been modified by the work of other in- 
vestigators and the values as published by the American 
Iron and Steel Institute are shown for alloying elements 
in Figure 44 — 3, and for grain size in Figure 44 — 4. 



PHOSPHORUS, PER CENT 

Fig 44—2. Multiplying factors for phosphorus. 

Grossmann and his associates further found that the 
cumulative effects of alloying elements on hardcn- 
ability could be evaluated by multiplying the base 
hardenabillty of the iron-carbon alloy progressively by 
the multiplying factors for the elements. Thus the chart 
of Figure 44 — 3 enables one to calculate the harden- 
ability in terms of 50 per cent martensite microstructures 
of a given alloy combination. 

The element boron increases the hardenability of steel 
but its effect differs from that of the other alloying ele- 
ments since additions over a certain optimum amount 
produce no further increase in hardenability. Experi- 
ence has shown that the optimum content is 0.0005 to 
0.004 per cent boron. The mxiltiplying factor for boron 
depends not on boron content, but on carbon content 
and varies from approximately 2.00 for 0.20 per cent 
carbon steels to nearly zero for 0.90 per cent carbon. 

The multiplying factor principle is of importance not 
only as a means of predicting the approximate harden- 
ability of a steel from its composition, but also since it 
shows that, in general, the addition of relatively small 
amounts of several alloying elements is more effective 
in increasing hardenability than a relatively large 
amount of a single clement. This principle was also 
widely applied during World War II to the development 
of substitute compositions which would utilize to the 
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Fic. 44 — 3. Multiplying factors for a variety of alloying elements (American Iron 

and Ste«l Institute). 
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fullest extent the hardenability effects of the alloying 
elements most available. 


temperatures. 


Effects of the Alloys in Tempering— While the marten- 
sitic microstructure has been stressed as a criterion of 
hardenability, it must of course be realized that mar- 
tensite itself is very brittle, and that in order to realize 
the properties generally sought in machine parts, this 
martensite must be reheated or tempered. It is essential 
to an understanding of alloy steels, therefore, to consider 
the roles played by the alloying elements in this temper- 
ing process, and the manner in which they will affect the 
behavior on tempering. 

The primary purpose of tempering is to impart a de- 
gree of plasticity or toughness to the steel to alleviate 
the brittleness of the martensite. Although this process 
may, and usually does, soften the steel, this softening is 
only incidental to the very important increase in tough- 
ness. This increase in toughness after tempering re- 
flects two effects of tempering: (1) the relief of internal 
stresses set up by the quenching operation; and (2) a 
crystallization, coalescence and spheroidization of iron 
and alloy carbides, resulting in a microstructure of 
greater plasticity. 

The addition of alloying elements which increase 
hardenability may be very helpful in decreasing the 
magnitude of the internal stresses resulting from the 
quench, since they will permit the attainment of a 
martensitic microstructure with a less drastic quench. 
For this reason, the use of an alloy steel and a mild 
quench for an application requiring high hardness, and, 
therefore, a low tempering temperature with an ac- 
companying relatively low degree of stress relief, may 
be very advantageous. It should be noted, however, that 
flus is only secondarily an effect of alloys in tempering; 
Acre again the primary function of the alloying elements 
is to increase hardenability. 



400 600 800 1000 1200 


TEMPERING TEMPERATURE. •F 

Fig. 44—6. The effect of chromium on tempering rate of 
0.35% carbon steel, tempered for 1 hour at indicated 
temperatures. 




832 


THE MAKING, SHAPING AND TREATING OF STEEL 


The alloying elements will, however, have a direct 
and significant effect upon the second behavior, that of 
crystallization and coalescence of the carbides. In gen- 
eral, the effect of alloying elements will be to slow up 
the processes of crystallization and coalescence. This 
means that an alloy steel will customarily require higher 
tempering temperatures, or longer times at temperature, 
to obtain a given hardness. 

The effects of some of the individual alloying elements 
on the tempering rate are illustrated in Figure 44 — 5 
for silicon. Figure 44 — 6 for chromium, Figure 44 — 7 for 
molybdenum and Figure 44 — 8 for vanadium. These 
charts show the hardness of tempered martensite in 
these steels after tempering one hour at the indicated 
tempering temperature. 

The effects of nickel and manganese, as in the case of 
silicon, while they are significant, are quite moderate, 
and the hardness changes are nearly a direct function 
of the tempering temperature. This type of behavior is 
characteristic of alloys which dissolve largely in the 
ferrite phase, and do not tend to form carbides. 

Boron in the amount used to increase hardenability 
has no perceptible effect on hardness changes during 
tempering. 

The carbide-forming elements, such as chromium, 
molybdenum or vanadium, however, have very marked 
effects on the tempering behavior. Elements of this type 
not only raise the tempering temperature to obtain a 
given hardness, but with the higher percentages of these 
elements, the rate of softening is no longer a continuous 
function of the tempering temperature. In steels of this 
type, such as the 0.5 per cent molybdenum steel of 
Figure 44 — 7, there is a tempering temperature range in 
which the softening is retarded or, with still higher 
alloy content as in the 2.0 per cent molybdenum steel, in 
which the hardness first decreases, then increases some- 
what before continuing the decline with increasing 
tempering temperature. The retardation is also observed 
in steels containing more than one carbide-forming ele- 



400 600 800 1000 1200 

TEMPERING TEMPERATURE. 'F 


Fxo. 44— >7. The effect of molybdenum on tempering rate of 
0.35% carbon, 0.30% chromium steel, tempered for 1 hour 
at the indicated tenoqperaturee. 



Fig. 44—8. The effect of vanadium on tempering rate of 
steels tempered for 1 hour at the indicated temperatures. 



Q 200 400 600 800 1000 1200 


TEMPERING TEMPERATURE, •F., I HOUR 

Fxg. 44—9. The combined effect of chromium and vana- 
dium on tempering rate of 0.40-0.45% carbon steel 
tempered for 1 hour at the indicated temperatures. The 
6140 steel contains both Cr and V; the 5140, only Cr, 
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Fic. 44 — 10. The effect of carbide solution on tempering 
rate of a Cr-Mo-V steel quenched from 2100”, 1800” and 
1500 ‘F. 


ment, as illustrated by Figure 44—9, which compares the 
tempering curve for a 1 per cent chromium steel with 
that for a chrome- vanadium steel. 

In order that a carbide forming element may mani- 
fest its full effect upon the tempering behavior, it must 
dissolve in the austenite at the heating temperature. 
This is illustrated by Figure 44—10, which shows 
the tempering behavior of a chrome-molybdonum- 
vanadium steel after quenching from 1500”, 1800® and 
2100 * F. It will be noted that the secondary hardening 
behavior is very marked in the steels quenched from 



Fic. 44 — ^11. The effect of time of tempering on the second- 
ery hardening behavior in tempering. 


the higher temperature, but is almost absent in the 
steel quenched from 1500 ® F in which a considerable 
proportion of the carbides is undissolved. 

This secondary hardening effect is also evident in 
studies of tlie effect of time at a given tempering temper- 
ature on the hardness of alloy steels with carbide form- 
ing elements. As an illustration of this, Figure 44 — 11 
shows the manner in which the hardness of a 2.0 per cent 
molybdenum steel varies with time at several different 
tempering temperatures. It will bo noted that at the 
highest tempering temperature (1200® F), the secondary 
hardening effect occurs at times of from 10 seconds to 
10 minutes, while at the lowest tempering temperature 
(660 •F), there is no indication of this effect in 1000 
hours. 

This phenomenon can best be explained on the basis 
of a delayed precipitation of alloy carbide. Because of 
the relatively small number of alloy atoms in compar- 
ison to the iron atoms, and because of the .slow diffusion 
rate of the alloying elements, the first precipitate to form 
on tempering will certainly be iron carbide, and the 
initially rapid drop in hardness represents the coales- 
cence of those iron-carbide particles. However, with 
longer times and particularly with higher temperatures 
at which the diffusion rate of the alloys becomes more 
rapid, some alloy carbide will precipitate, and since 
this occurs after the coagulation of the iron carbide has 
progressed to a considerable extent, these fine particles 
will result in a reversal of the softening action. With 
relatively low alloy content, this may be manifested as 
only a decrease in the rate of softening while with high 
alloy content, an actual increase in hardness may occur 
as this secondary precipitation proceeds. 

In the case of modern alloy steels which are of such a 
composition as to consist of a matrix of considerable 
plasticity with a dispersion of rather sizeable undis- 
solved carbides after heat treatment, full advantage is 
taken of this secondary hardening effect. The composi- 
tion and heat treatment of these steels is such that, 
although a number of the alloy carbides remain undis- 
solved, enough are taken into solution to bring about a 
marked resistance to softening at temperatures up to 
1100 ® F. Such tools can then be used for high-speed 
machining at relatively high operating temperature 
without softening. 

It might further be mentioned that this effect of the 
alloying elements, and particularly the carbide-forming 
elements, on tempering may be reflected in an increased 
toughness of high-alloy steels. We have seen that the 
toughness of tempered martensite results from both the 
relief of internal stresses, and the formation of a desir- 
able carbide dispersion. The higher tempering tempera- 
tures for a given strength level, characteristic of these 
high-alloy steels, will permit a greater degree of stress 
relief with an accompanying increase in toughness. 
Furthermore, as we have seen, a given hardness level 
in the tempered alloy steels reflects not only the state of 
dispersion and coagulation of the iron carbides, but also 
that of the alloy carbides, and thus coagulation and 
spheroidization of the iron carbides must progress 
further for a given hardness to offset the secondary 
hardening effect of the alloy carbides. This more com- 
pletely spheroidized microstructure would also favor 
plasticity, particularly at hardness levels at which a 
moderate coalescence of the alloy-carbide dispersion has 
taken place. 

The increase in plasticity on tempering has so far been 
considered as though it were a continuous effect, that is, 
as if the steel softened and became more ductile con- 
tinuously as, the tempering temperature is increased. 
However^ this is not altogether true, as many steels ex- 
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Pio. 44--12. The loss of notch toughness in the Izod test 
in several alloy steels on tempering at about 600 ** F. 


hibit a minimum toughness on tempering at tempera- 
tures of 500*-600®F. This behavior is illustrated in 
Figure 44 — 12, which shows the impact values of several 
alloy steels as a function of tempering temperature. This 
phenomenon is not fully understood, nor can the effects 
of the alloying elements on this behavior be evaluated. 
However, it should be realized that, in general, temper- 
ing temperatures in this range (500 *-600® F) should be 
avoided wherever possible. 

Temper brittleness in alloy steels is another common 
example of a discontinuous increase in plasticity on 
tempering. This phenomenon is manifested as a loss of 
toughness on slow cooling after tempering at tempera- 
tures of 1100 * F or above, or on tempering in the 
temperature range of approximately 850 * to 1100 * F. 
Thus, a steel which is susceptible to this type of em- 
brittlement may lose much of its ductility as indicated 
by a notched-bar impact test on slow cooling from a 
tempering temperature of 1150 * F, although the same 
steel will be very tough if it is quenched from the same 
tempering temperature, and this expedient of quenching 
from the tempering temperature is a common practice 
to insure freedom from this embrittlement. However, 
in such steels, embrittlement will also occur on temper- 
ing at 850 *-1050® F, particularly if the tempering times 
are protracted and quenching from the tempering 
temperature will, in such cases, never completely re- 
store the toughness. This phenomenon also is not com- 
pletely understood, although the behavior suggests that 
something which dissolves at temperatures of 1100 F 
and above precipitates in a damaging form at the lower 
temperatures, either during slow cooling or on reheating 
to these temperatures. High manganese, phosphorus and 
chromium contents appear to accentuate this behavior, 
and molybdenum seems to have a definite retarding 
effect. 

OTHER FUNCTIONS OF THE ALLOYING 
ELEMENTS 

The primary function of the alloying elements in alloy 
steels has been seen to be that of enhancing the prop- 
erties through control of the microstructure, particu- 


larly in conjunction with suitable heat treatments, and 
this function has been discussed in considerable detail. 
However, the alloying elements may exert other useful 
influences, particularly in steels which may be classed 
as special purpose steels. These functions will now be 
briefly discussed. 

Ferrite Strengthening— Alloying elements dissolved in 
pure iron will increase its hardness, and this furnishes 
a method of increasing the strength of steels in the un- 
hardened state. This ferrite-strengthening function 
of the alloys is, thus, independent of the effect of the 
alloys on microstructure, and may be utilized to increase 
the strength of steels which essentially receive no heat 
treatment, except for the cooling after the hot-working 
operation. This hardening effect is, of course, small as 
compared with that obtainable by changes in the dis- 
persion of the carbide. This is illustrated by Figure 
44 — ^13, which shows the hardness of chromium steels as 



Fig. 44 — 13. The minor effect of chromium in furnace- 
cooled steels compared with its strong effect as a 
strengthener through its influence upon structure in air- 
cooled steels. 

a function of chromium content in a series of steels 
which have been very slowly cooled, in which the 
ferrite-strengthening effect will be predominant, as com- 
pared with a rapidly cooled series in which the effects 
of microstructural changes will be predominant. Each of 
the alloying elements will exert its individual effect in 
ferrite strengthening. The relative effectiveness of the 
alloying elements in this respect is indicated by Figure 
44 — 14. The order of increasing effectiveness of these 
elements appears to be as follows: chromium, tungsten, 
vanadium, molybdenum, nickel, manganese, silicon, 
phosphorus. Signifleant increases in strength may be 
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Fig. 44—14. The relative effectiveness of the alloying elements as ferrite 
strengtheners. 


obtained by the use of several elements in a single 
composition. In general, the higher strength levels ob- 
tained by this method of ferrite strengthening will be 
accompanied by a relatively small loss in plasticity, as 
compared with the considerable loss in ductility ac- 
companying the hardness increases resulting from 
micros tructural changes. 

As discussed in the chapter on the low-alloy high- 
strength steels, these ferrite-strengthening effects have 
been utilized to their fullest extent in such steels. 

Corrosion Resistance — Another function of some of 
the alloying elements in steel is to increase its resistance 
to corrosive attack. This function is also utilized in the 
low-alloy high-strength steels, in which chromium, 
copper, and phosphorus have been found very effective 
in increasing resistance to atmospheric corrosion, 
thereby permitting the use of the lighter sections made 
possible by their higher strengths, without decreased 
life from corrosion. 

Chromium in high percentages imparts an extraordi- 
nary corrosion resistance to steel, and the stainless steels 
are largely based on this effect of chromium. This effect 
is discussed in detail in Chapter 47 on the stainless steels 
and need not be elaborated on here. 

Abrasion Resistance — The compositions of alloy tool 
steels are such that at the heat-treating temperature 
many of the alloy carbides remain undissolved in the 


austenite. These hard carbide particles serve to increase 
the abrasion resistance of the steel, and this represents 
another function of the alloying elements. The elements 
commonly used for this purpose are tungsten, molyb- 
denum, vanadium, titanium and chromium. 

The Hadfield manganese steels represent another class 
of abrasion -resistant steels in which the function of the 
element is to stabilize austenite in order to produce 
austenitic steels which harden on cold working. 

Magnetic (Electrical) Characteristics — The addition of 
alloying elements may greatly modify the characteristics 
of steel used for electrical equipment. Improved electri- 
cal characteristics for a desired application may be ob- 
tained by utilizing these effects (see Chapter 46) . 

One example of this function of the alloying elements 
is represented by the silicon steels used for transformer 
cores. These steels, containing silicon up to 5 per cent, 
have a greatly increased electrical resistivity and, as 
annealed, high permeability. When used as transformer 
cores, these properties result in greatly reduced core 
losses. 

The magnet steels, for permanent magnets, are another 
example of alloy electrical steels. The outstanding prop- 
erty of these steels is their retentivity or ability to retain 
magnetism. Cobalt, chromium, and tungsten are the 
alloying elements commonly used to enhance this 
characteristic. 


SECTION 2 

THE AISI ALLOY STEELS 


Classification and Standardization of the AISI Steels 
—The alloy steels most commonly used for heat-treated 
parts have been classified by the American Iron and 
Steel Institute and the Society of Automotive Engineers. 
The composition ranges of these steels have been listed 
in Table 44—1. 

These steels are identified by a numerical index 
system that is partially descriptive of the composition. 
The first digit indicates the type to which the steel be- 
longs; thus ‘T* indicates a carbon steel; “2” indicates a 


nickel steel; **3” indicates a nickel-chromium steel. In 
the case of the simple alloy steels, the second number 
usually indicates the percentage of the predominating 
alloying element. Usually the last two or three digits 
indicate the average carbon content in **points,** or 
hundredths of a per cent. Thus, “2340” indicates a nickel 
steel of approximately 3 per cent nickel (3.25 to 3.75) 
and 0.40 per cent carbon (0.35 to 0.45). 

The basic numerals for the various types of AISI steels 
(including plain-carbon steels) are: 
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Series 

Designation Types 

lOxx Nonresulphurized basic open hearth and 

acid bessemer carbon steel grades 
llxx Hesulphurized basic open hearth and acid 
bessemer carbon steel grades 
12xx Rephosphorized and resulphurized basic 

open hearth carbon steel grades 
13xx Manganese 1.75 per cent 

23xx Nickel 3.50 per cent 

25xx Nickel 5.00 per cent 

31xx Nickel 1.25 per cent — Chromixmi 0.65 per 
cent 

33xx Nickel 3.50 per cent— Chromium 1.55 per 
cent 

40xx Molybdenum 0.25 per cent 

41xx Chromium 0.50 or 0.95 per cent — Molyb- 
denum 0.12 or 0.20 per cent 
43xx Nickel 1.80 per cent— Chromium 0.50 or 0.80 

per cent — Molybdenum 0.25 per cent 
46xx Nickel 1.55 or 1.80 per centr— Molybdenum 
0.20 or 0.25 per cent 

47xx Nickel 1.05 per cent — Chromium 0.45 per 
cent — Molybdenum 0.20 per cent 
48xx Nickel 3.50 per cent^Molybdenum 0.25 per 
cent 

50xx Chromium 0.28 or 0.40 per cent 
51xx Chromium 0.80, 0.90, 0.95, 1.00 or 1.05 per 
cent 

5xxxx Carbon 1.00 per cent— Chromium 0.50, 1.00 
or 1.45 per cent 

61xx Chromium 0.80 or 0.95 per cent — ^Vanadium 
0.10 per cent or 0.15 per cent min. 

86xx Nickel 0.55 per cent— Chromium 0.50 or 0.65 
per cent — Molybdenum 0.20 per cent 
87xx Nickel 0.55 per cent — Chromium 0.50 per 
cent — Molybdenum 0.25 per cent 
92xx Manganese 0.85 per cent— Silicon 2.00 per 
cent 

93xx Nickel 3.25 per cent — Chromium 1.20 per 
cent — Molybdenum 0.12 per cent 
98xx Nickel 1.00 per cent — Chromium 0.80 per 
cent — Molybdenum 0.25 per cent 
TS denotes Tentative Standard Steel, as in TS 4130 
and others. 

B denotes Boron Steel, as in 46B12 and others. 

BV denotes Boron Vanadium Steel, as in TS 43BV12 
and TS 43BV14. 

Needless to say, this list, representing as it does, a 
standardization and simplification of thousands of alloy- 
steel compositions, is a very valuable aid to the specifica- 
tion and choice of alloy steels for various applications. 
Many of these steels were developed for specific applica- 
tions, and their continued satisfactory performance has 
resulted in a considerable degree of standardization of 
application among these compositions. 

Applications of the AISI Alloy Steels— The low-carbon 
steels (0.10-0.25 per cent carbon) in this classification 
are designated as carburizing steels and they are applied 
almost exclusively to carburized parts. However, the 
choice of a steel within this group is determined largely 
by the core properties desired for the specific applica- 
tion. The lower alloy combinations, such as 4023, 4118 or 
5015 are used where somewhat better core properties 
than those obtainable with the plain carbon compositions 
such as C1018 or C1117 are desired. They have the 
further advantage of being hardenable in oil in moderate 


sections, and therefore can be heat treated with less 
distortion than the types requiring water quenching. 
The higher manganese and sulphur steels are used 
where superior machinability is required. Typical ap- 
plications of these low-alloy carburizing grades would 
be for the production of cam shafts, wrist pins, clutch 
fingers, and other automotive parts in whidi high 
strength and optimum core properties are not required. 

The higher alloy carburizing steels, such as 3120, 3310, 
4320, 4620, 4815, 5120, 6120, 8620, 9310 or 94B17 are used 
where superior case hardness or core properties are 
desired. The choice of steels within this group is deter- 
mined primarily by the hardenability necessary to ob- 
tain the desired core properties tmder the given 
conditions of section size and heat treatment. The low 
nickel-chromium (3120), nickel-molybdenum (4620), 
plain chromium (5120), chromium-vanadium (6120) 
or low nickel-chromium-molybdenum (8620) steels are 
customarily used for such applications as automotive 
gears, universal joints, small hand tools, piston pins, and 
similar parts of moderate section for relatively severe 
service. The higher alloy steels 3310, 4815, 9310 or 94B17 
are used for severe service applications or heavy sec- 
tions. Typical applications of these steels are aircraft- 
engine parts, truck transmissions and differentials, 
rotary rock-bit cutters and large antifriction bearings. 

Similarly, the choice of the higher carbon alloy steels 
is based largely on the hardenability requirements of 
the specific applications. This will, of course, be a func- 
tion of the heat treatment and section size. Intricate 
sections or higher carbon materials (over 0.40 per cent 
carbon) which must be oil quenched to prevent danger 
of quench cracking may frequently require higher alloy 
compositions than the simpler sections or low-carbon 
materials which can be safely heat treated under more 
drastic quenching conditions. 

As with the carburizing steels, the lower alloy higher 
carbon steels, such as the manganese (1330-45), plain 
molybdenum (4037-47), plain chromium (5130-50), or 
the low nickel-chromium-molybdenum (8630-50), are 
used for applications involving relatively small sections, 
but which are subject to severe service conditions, or in 
larger sections which may not necessitate optimum 
properties, but in which advantage is taken of the weight 
saving derived from the higher strength of the alloy 
steels. Typical applications are the use of the manganese 
steels for automotive axles and high-strength bolts, 
molybdenum steels and chromium steels for automotive 
steering parts and low nickel-chromium-molybdenum 
steels for small machinery axles and shafts. These lower 
alloy steels are also widely used for high-quality small 
tools. 

The higher alloy AISI steels, such as the 4137-50, 
4337-40, 9840-50 or 86B45 compositions are used for 
heavy sections or for parts subject to particularly severe 
service conditions or for which very mild quenches must 
be used to prevent distortion. Typical uses would be for 
relatively heavy aircraft or truck parts or for ordnance 
materials. 

In addition to the more or less general uses described 
above, some of the AISI steels have quite specialized ap- 
plications. Thus the 52100 steels are used almost ex- 
clusively for ball- and roller-bearing applications, and 
the chromium steels (5155 and 5160) were developed for 
and are used almost entirely for spring-steel applica- 
tions. 

HardenabiUties of the AISI Alloy Steela-Harden- 
ability has been stressed as the most important function 
of the alloying elements in these steels, and the above 
discussion of their applications has ^own that the 
choice of the alloy ste^ to be used for a given applica- 
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tion is largely based on its hardenabllity. Heali 2 dng the 
importance of hardenabllity, the American Iron and 
Steel Institute, together with the American Society of 
Automotive Engineers, have established minimum and 
maximum end-quench hard inability curves, known as 
hardenabllity bands, for most of these alloy steels. These 
bands or hardenabllity limits, typified by Figure 44 — 15, 
are based on the analysis of data collected from hun- 
dreds of heats of each grade of steel. Such information 
permits these steels to be sold on the basis of this most 
important property, hardenabllity, and steels sold to such 


a hardenabllity specification are known as **H’' steels. 
Since, for application purposes, the minimum harden- 
ability values for a given steel are usually the most 
pertinent, the minimum hardenabllity limits for 
numerous “H” steels are shown in Figures 44—16 and 
44 — 17. Figure 44 — 16 also compares the minimum 
hardenabllity limits for a group of steels of different 
alloy content but having essentially the same carbon 
content. Figure 44 — 17 shows the effect on the minimum 
hardenabllity limit of increasing carbon content in steels 
of the 8600 (nickel-chromium-molybdenum) series. 


SECTION 3 

ALLOY TOOL STEELS 


Compositions and Applications — The principal func- 
tions of the alloying elements in tool steels are to in- 
crease hardenabllity, to form hard, wear-resisting alloy 
carbides, and to increase resistance to softening on 
tempering. The alloy tool steels may be roughly classi- 
fied according to the extent of their utilization of these 
three functions. On this basis, the three classes would be 
as follows: 

1. Relatively low-alloy tool steels. These are of higher 
hardenabllity than the plain carbon tool steels in 
order that they may be hardened in heavier sec- 


tions or with less drastic quenches and thereby less 
distortion. 

2. Intermediate alloy tool steels. These steels usually 
contain elements such as tungsten, molybdenum or 
vanadium, which form hard, wear-resisting car- 
bides. They are employed in the manufacture of 
fast-finishing tools in which the retention of a 
smooth cutting edge is of particular importance. 

3. High-speed tool steels. These contain large amounts 
of the carbide-forming elements which serve not 
only to furnish wear-resisting carbides but also to 


Table 44 — EL Compositions of Some Tool Steels (Per Cent) 


Class 

Type 


Mn 



Cr 

Mo 

W 

V 

Co 

1 

Non-Deforming ... 

0.90 

1,60 


— 


.... 

— 

.... 

.... 

1 

Chromium 

0.90-1.10 

0.25 

0.25 

— 

1.0-2.0 

— 

— 

— 

— 

1 

Chromium- 
Vanadium 

0.50-1.10 

0.25 

0.25 


0.75-1.50 



0.20 


1 

Chromium-Nickel . 

0.40-0.75 

0.40 

0.25 

1.0-2.0 

0.75-2.25 



.... 

— 

1 

Chromium- 
Molybdenum .... 

0.40-0.75 

0.40 

0.25 

. . . • 

0.75-1.50 

0.20-0.50 

.... 

.... 


1 

Nickel-Chromium- 
Molybdenum .... 

0.40-0.75 

0.40 

0.25 

1.0-2.0 

0.75-1.50 

0.20-0.50 




2 

Tungsten Finishing. 

1.35 

0.25 

0.25 

.... 



3.0.4.0 

.... 

.... 

2 

Tungsten Finishing. 

1.35 

0.25 

0.25 


0.50-1.00 

.... 

3.0-4.0 


.... 

2 

Tungsten Finishing. 

1.35 

0.25 

0.25 


.... 

0.50-1.00 

3.0-4.0 



2 

Tungsten Chisel ... 

0.50 

0.25 

0.25 

.... 

1.50 

— 

210 

0.25 


3 

18-4-1 High Speed . 

0.50-0.80 

0.25 

0.25 

— 

4.00 

.... 

18.00 1 

1.00 


3 

18-4-3 High Speed . 

0.95 

0.25 

0.25 

— 

4.00 

.... 

18.00 

3.00 

.... 

3 

Tungsten Cobalt . . . 

0.75 

0.25 

0.25 

— 

4.00 

.... 

18.00 

1,00 

5.00 

3 

Molybdenum High 
Speed 

0.75 

0.25 

0.25 

• . • • 

4.00 

8.50 

1.50 

1.00 


3 

Tungsten- 

Molybdenum 

High Speed 

0.80 

0.25 

0.25 

.... 

4.00 

4.75 

5.75 

IJSO 

— 
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promote secondary hardening and thereby to in- 
crease resistance to softening at elevated tempera- 
ture. 

Typical compositions of these three classes of tool 
steels are given in Table 44—11. More detailed informa- 
tion on types of tool steels, their composition, treatments 
and applications, may be found in the 1948 Edition of the 
American Society for Metals* Handbook, pages 653-676, 
and in “Tool Steels** by Gill, Rose, Roberts, Johnstin 
and George, published by the American Society for 
Metals. 

Table 44—11 is illustrative of the types of compositions 
used for alloy tool steels, of which there are hundreds 
of variations. The uses of tool steels are so diversified 
and the compositions and types that may be used for a 
single application overlap to such an extent that a 
satisfactory general classification on this basis is im- 
possible. However, the high-speed steels obviously are 
used for application requiring long life at relatively high 
operating temperatures such as for heavy cuts or high- 
speed machining, the intermediate alloy types are used 
for finishing operations in which extreme wear resist- 
ance and the ability to retain a smooth cutting edge on 
light cuts is necessary, and the first class of steels are 
general purpose tool steels, the choice of which is based 
primarily on section size, permissible distortion, intri- 
cacy of design, and the hardness and toughness require- 
ments of the application; all of which are, to a 
considerable extent, functions of the hardenability. The 
higher hardenability steels are used in cases where a low 
“movement** (change of dimension) in hardening is re- 
quired, since relatively slow oil or even air quenches 
may be used. These steels are also designed to be 
capable of hardening from relatively low quenching 
temperatures which also tends to decrease distortion and 
danger of quench cracking. Within this class, the higher 
carbon steels are used for applications requiring high 
resistance to wear or abrasion and the lower carbon 
steels for applications in which resistance to shock or 
impact is of particular importance. 

HEAT TREATMENT OF ALLOY TOOL STEELS 

General — The general principles of heat treatment, as 
described in Chapter 42, naturally apply to the heat 
treatment of the alloy tool steels. The alloy tool steels 
are generally high carbon, and many of them are rela- 
tively high-alloy steels so that their heat treatment 
necessarily involves si>ecial precautions to avoid distor- 
tion, cracking, and decarburization. The heating opera- 
tion must be conducted at a slow rate to minimize 
thermal stresses, and relatively low austenitizing tem- 
peratures are usual to minimize distortion and cracking. 
It is a common practice to carry out the heating in two 
stages: a preliminary preheat to an intermediate tem- 
perature preceding the heating to the final temperatures. 
Decarburization is usually particularly harmful in tool 
steels, and the practices mentioned in the chapter on 
heat treatment, such as use of controlled atmospheres, 
packing in cast-iron chips, or heating in neutral liquid 
baths, are very commonly employed. 

Because of their sensitivity to cracking and the 
dangers of distortion, relatively mild quenches are 
commonly used in the heat treatment of alloy tool steels, 
and many of them are of high enough hardenability to 
permit air quenching. 

Since the residual stresses are high in these high- 
carbon steels after quenching, the stress-relieving 
function of the tempering operation is of particular im- 
portance. Tempering to relieve these stresses and 


toughen the steels is therefore an essential part of the 
heat-treating operation and should immediately follow 
the quench. Since high hardness is usually desired, the 
tempering temperatures are generally low (250** to 
450® F), although in cases such as some of the die ap- 
plications, in which resistance to shock and impact ore 
important, higher temperatures may be used. Tempering 
in the temperature range of 500 ® to 600 ** F should gen- 
erally be avoided. 

High-Speed Steel— As mentioned above, the high- 
speed steels, typified by the 18 per cent tungsten, 4 per 
cent chromium, 1 per cent vanadium composition, differ 
from the lower alloy tool steels, not only in the presence 
of higher percentages of carbide -forming elements, but 
also in the fact that the secondary hardening effects of 
these elements are much more fully realized and a high 
resistance to softening at elevated temperature is ob- 
tained. These steels require a special heat treatment in 
order that their unique properties may be fully realized. 
In outline, this procedure consists of heating to a high 
temperature (2150® to 2400® F) to obtain solution of a 
substantial percentage of the alloy carbides, quenching 
to room temperature, at which stage a considerable 
amount of austenite is retained, tempering at 1000® to 
1150 ® F, and again cooling to room temperature. During 
the tempering operation, alloy carbides are precipitated, 
resulting in a marked secondary hardening and in a 
reduction of alloy content in the retained austenite, 
which then transforms to martensite on cooling to room 
temperature and results in a still greater hardness in- 
crease. It is often desirable to temper a second time to 
temper the martensite formed on cooling from the 
original tempering. 

In order to prevent excessive grain growth and 
decarburization, the steels are held at the high quench- 
ing temperature for only a few minutes before quench- 
ing. Steels arc customarily preheated to between 1400® 
and 1600 * F before transferring to the high-heat fur- 
nace. This serves the dual purpose of eliminating the 
severe thermal shock of placing the cold tool into the 
high-temperature furnace, and of decreasing the de- 
carburization because of the shorter time of exposure to 
the high temperature. The use of controlled-atmosphere 
furnaces, or of neutral liquid baths for the high-heat 
treatment is also very desirable, and in many cases 
essential, to minimize decarburization. The time in the 
high-heat furnace will, of course, vary with the heating 
rate and size and shape of the piece. Typical hardening 
temperatures are 2250 ® to 2350 ® F for the timgstcn 
types, 2150 " to 2250 ® F for the molybdenum types, and 
2325 * to 2400 ** F for the cobalt types. 

Quenching may be in air, oil, or in liquid baths. Air 
cooling has the disadvantage of the formation of a 
tightly adherent scale during cooling. Oil quenching, 
while it facilitates the removal of this scale, results in 
higher stresses. These may be minimized, however, by 
removing the piece from the oil at the flash point and 
then air cooling. By this method, the tools will be air 
cooled through the temperature range in which trans- 
formation to martensite occurs. The third method, which 
is very commonly practiced to insure low quenching 
stresses, is to quench into a liquid bath at 1000 • F, hold 
until equalized, and then slowly air cool to between 
200 ® and 300 ® F and immediately temper. This pro- 
cedure is particularly applicable to the hardening with- 
out undue distortion or cracking of intricate tools. 

Tempering may be carried out in salt baths, lead 
baths, or circulating-air furnaces. The latter are par- 
ticularly desirable because of their adaptability to close 
control of temperature and uniformity of heating the 
work. The rapid heating of high-speed tool steels im- 
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merted in lead bathe Is undesirable since It may set up 
stresses which would lead to cracking. The maximum 
hardness will usually be developed at temperatures of 
1000 " to 1100 * F, and the holding times in this tempera- 
ture range usually are from 1 to 4 hours. The specific 
time and temperature will vary with the hardness and 
toughness desired. 

As mentioned above, a second tempering at a rela- 
tively low temperature (600 • to 650* F) will temper the 
martensite formed in cooling from the first tempering 
operation and will serve to increase the toughness of 
these steels without causing appreciable softening. 
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Chapter 45 

HIGH-STRENGTH LOW-ALLOY STEELS 


The steels which are the subject of discussion in this 
chapter are categorized upon the basis of their mechani- 
cal properties. This is in contrast to the usual method of 
classification, which is generally based on chemical com- 
position; for example, the designations “plain carbon 
steels,” “alloy steels” and “stainless steels” are based 
upon the presence (or absence) of added alloying ele- 
ments in the particular steel. Thus steels of a particular 
range of composition may be specified so that the pur- 
chaser will be able to obtain certain desired properties 
in a part that may be heat treated by him. On occasion, 
plain carbon, alloy and stainless steels arc furnished to 
specifications involving a prescribed combination of me- 
chanical properties; since, however, chemical composi- 
tion is the primary controlling factor in obtaining these 
required properties, such steels automatically fall into 
one of the above compositional classifications. 

The steels classified as “high-strength low-alloy 
steels” have strengths somewhat greater than those ex- 
hibited by the structural carbon steels and. since en- 
hanced mechanical properties can be obtained with a 
number of different combinations of alloy contents 
(other than carbon), this group of steels consists of vari- 
ous chemical compositions, but each steel in the group 
meets essentially the same minimum mechanical- 
property requirements. For the sake of brevity, they are 
referred to in the text only as high-strength steels. 

Engineering Function of the High-Strength Steels — 
Modern trends toward larger and larger structures have 
made design and construction engineers aware of the 
advantages to be gained from a steel inherently stronger 
than structural carbon steel in order that excessively 
large sections might be avoided. It was realized that the 
advantages would be greatest in the transportation field 
since thinner sections with increased strength could be 
employed to eliminate the hauling of excess dead weight. 
Since carbon and manganese are the main strength- 
producing elements in structural carbon steel, it is ob- 
vious that the desired increase in strength could be ob- 
tained simply by increasing the amounts of either or 
both of these elements in the steel. It has been found, 
however, that while these additions will produce the 
higher strength, the resulting steels often cannot be 
handled so readily by ordinary methods of fabrication 
(including welding) and even when successfully fabri- 
cated, the utility of the finished part may be seriously 
impaired. It was foimd that other alloying elements, such 
as copper, phosphorus, nickel, chromium, vanadium and 
silicon, could be added in such amounts that, with a 
lower carbon content, the desired increase in strength 
was obtained, at relatively low cost, without greatly de- 
creasing the ductility of the steel. The resvilt of this ex- 
perience has been the development of a group of steels 
which possess the required high strengths and which 
can still be fabricated by standard shop processes on 
conventional equipment. 

The use of thinner sections to eliminate excess wei^t, 
^d the desire for longer life with decreased mainte- 


nance emphasized the need for improved resistance to 
corrosion. Materials which are exposed to corrosive en- 
vironments, of which the atmosphere is one, are subject 
to loss of thickness and, consequently, to a decrease in 
their capacity to carry load. It may readily be seen that, 
if the high-strength low-alloy steels corroded at the 
same rate as structural carbon steel, thinner sections of 
high-strength steel would be reduced to the permissible 
minimum Sicknesses in less time than would the thicker 
structural carbon steel sections. It is, therefore, neces- 
sary that the improvement in the atmospheric-corrosion 
resistance of the high-strength steels at least be in pro- 
portion to the increase in their strength so as to obtain 
satisfactory performance from the thinner sections. 
Similarly, increased resistance to corrosion is required to 
improve the service life of equipment made from sec- 
tions of standard thicknesses. 

As the foregoing discussion intimates, the high- 
strength low-alloy steels are intended for general struc- 
tural applications. They should not, therefore, be con- 
sidered as special-purpose steels nor as steels requiring, 
or adapted for, heat treatment. 

Historical Background— Before 1900, the only widely 
available ferrous construction material, such as used in 
buildings and bridges, was mild carbon steel having an 
ultimate tensile strength of about 60,000 pounds per 
square inch. In 1902, the design engineers of the Queens- 
boro Bridge, which was to span the East River in New 
York City, requested the development of a stronger steel 
so that the number and size of supporting members 
could be held within the space and weight limitations 
of their design. Carnegie Steel Company, which now is 
part of the United States Steel Corporation, supplied Z25 
per cent nickel steel for this application. Because of the 
satisfactory results obtained on the Queensboro Bridge, 
nickel steel was used for the stiffening trusses of the 
Manhattan Bridge in 1906. Although this material was 
satisfactory for riveted structures from the standpoint 
of strength, it was an expensive material, economicid for 
use only in structures in which reductions in the weight 
or size of members was a necessity. 

Silicon steel containing about 1.00 per cent silicon and 
0.25 per cent carbon, cheaper than the nickel steel, was 
suggested for ship construction as early as the 1880’s. 
However, the first application of this steel in ship-hull 
construcUon was in 1907 as plates in the S. S. MAURE- 
TANIA, The manufacture of this steel was ultimately 
discontinued because of the many difficulties encoun- 
tered. Later on, a so-called “silicon structural steel” was 
used which, however, contained only a nominal amount 
of silicon. This material depended for its strength mostly 
on its high carbon content, usually 030 per cent mini- 
mum. It was first used in 1915 in a bridge spanning the 
Ohio River at Metropolis, Illinois. This grade, under the 
misnomer Silicon Structural Steel, has been one of the 
most widely used materials for riveted structures, but 
it is rapidly being superseded by carbon structural steel 
and high-strength steel 
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In 1927, as an alternate for expensive nickel steel, the 
American Bridge Company, now a division of United 
States Steel, used a 1.60 per cent manganese steel for the 
lower chord members of the Kill van Kull Bridge con- 
necting Staten Island with the mainland at Bayonne, 
New Jersey. 

Similar developments had taken place in other coun- 
tries. Engineers in Great Britain attempting through 
weight reduction to effect economies in ocean freights 
and handling charges, had used carbon steels containing 
generous amoxmts of silicon and manganese. Engineers 
on the Continent made use of similar steels, and early in 
1933 the Germans completed the construction of “The 
Flying Dutchman,” the first light-weight “streamlined” 
train built of high-strength steel. This composition con- 
tained additions of silicon, manganese and copper and 
was known as ST. 52. 

Two New Problems: Corrosion and Welding — Each of 
the high-strength steels which had been developed be- 
fore the year 1930 was foimd to lack one or more of the 
qualities required for most constructional applications. 
The potenticd benefits to be derived from the use of such 
materials, however, were indicated by these early steels, 
and the experience gained in their use had pointed out 
the specific characteristics needed in steels for this field 
of application. It had been discovered that improved re- 
sistance to corrosion was required if section thicknesses 
were to be reduced without the sacrifice of service- 
ability, or if increased service life were to be obtained. 
This discovery led to the addition of elements for the 
express purpose of improving the atmospheric corrosion 
resistance. A great deal of corrosion testing followed, 
which in turn led to the evaluation of the effects of the 
individual elements and of combinations of the elements 
on resistance to corrosion. 

At about the same time, it was realized that good 
weldability of the high-strength steels was required to 
permit the greatest possible weight reduction, and to 
thus enhance the economical use of this type of material. 
The development of the present day high-strength low- 
alloy steels has paralleled the adoption of the vario\is 
welding processes and much metallurgical ingenuity has 
been shown during the development of these steels to 
make certain that they possessed good welding charac- 
teristics. 

The earliest of the present-day high-strength steel 
brands was “COR-TEN,” which was introduced by 
United States Steel in 19^. This brand of steel has been 
continuously improved to meet the increasingly severe 
demands of fabricators, an experience common with 
most new steels. The great demand for steels of this type 
is indicated by the fact that, since “COR-TEN” steel 
was introduced, many other steel-producing companies 
have developed their own grades and there are at pres- 
ent a considerable number of high-strength low-alloy 
steels. These steels have found wide acceptance in the 
metsd-working industry and have come into general 
production and almost imiversal use for many applica- 
tions. 

Definition— This group of steels has been termed 
'*High Tensile Steels” and “Low Alloy Steels” but the 
name “High-Strength Low-Alloy Steels” is gradually 
being adopted as its designation. 

There have been numerous attempts to write suitable 
definitions for this class of steels and the following is 
one that has been adopted by the American Iron and 
Steel Institute for its product manual on this grade of 
steel: 

strength low alloy steel comprises a specific 
group of steels with chemical compositions specially de- 
veloped to impart higher mechanical-property values 
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and greater resistance to atmospheric corrosion than are 
obtainable from conventional carbon structural steels 
containing copper. High strength low alloy steel is gen- 
erally produced to mechanical property requirements 
rather than to chemical composition limits. 

“High strength low alloy steel is generally intended 
for application where savings in weight can be effected 
by reason of its greater strength and atmospheric cor- 
rosion resistance and where better durability is desired.” 

These steels are normally furnished in the hot-rolled 
(as rolled) or cold-rolled, annealed or normalized con- 
dition, and are intended for use without further heat 
treatment, particularly not by quenching and tempering. 

These steels are readily adaptable to fabrication by 
forming, riveting and welding; in the latter case no pre- 
heat or postheat is required. In certain complex struc- 
tures, stress relieving after welding may be desirable. 

Fundamental Characteristics — Steels of the high- 
strength low-alloy type, to be of interest as construction 
materials, must have characteristics and properties 
which result in economies to the user when the steels 
are properly applied. Such materials should be consider- 
ably stronger and, in many instances, tougher than 
structural carbon steel. They must have sufficient duc- 
tility, formability and weldability to be successfully 
fabricated by customary shop methods. In addition, 
high-strength steel should have sufficient resistance to 
corrosion so that equal life in a thinner section or longer 
life in the same section obtains when compared to that of 
a structural carbon steel member. Table 45 — I lists the 
combination of important characteristics which an all- 
purpose high-strength steel should possess, and indicates 
the methods by which these characteristics are com- 
monly determined. 

Table 45 — ^I. Important Characteristics of an AU-Purpose 
High-Strength Steel 

Property Method of Determination 

High strength . . . Yield point in tension test 

Good corrosion 

resistance . . . .Atmospheric-corrosion resistance 
judged from weight loss in exposure 
rack test, and useful life judged 
from service performance. 

Good formability. .Bend test, tensile elongation and 
fabrication performance. 

Good weldability, .Weldment performance judged by 
various weld-bending tests. 

Good toughness 
under adverse 

conditions Temperature of transition from 

tough to brittle behavior in 
notched-bar impact test. 

Good resistance 


to repeated 

loading Endurance tests on simple speci- 

mens or on built-up structures. 

Good abrasion 

resistance . . .Service performance. 


Since the yield point of the constructional material 
determines the stress to which a structure may be sub- 
jected without permanent deformation, the uxiit working 
stresses of each structure are based upon this impor- 
tant property. The minimum yield point of structural 
carbon steel is 33,000 lb. per sq. in.; that of high-strength 
steel is generally 50,000 lb. per sq. in. Hence, on the bas^ 
of the proportipnallty of their yield points, the unit 
working stress employed with high-strength steel may 
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be increased to one and one-half times that used with 
structural carbon steel. The use of higher unit working 
stresses permits reductions in the thicknesses of section 
in the structure and this results in a decrease in weight. 
This saving in weight is of utmost importance in mobile 
structures, both in the economy and speed of transporta- 
tion, and in the ability of these structures to carry 
greater payload. Frequently high-strength steels are 
substituted for structural carbon steel without change in 
section, the sole purpose being to produce a stronger and 
more durable structure with no increase in weight. 

Corrosion Resistance — ^When high-strength steels are 
employed to save weight, it is desirable to make the 
maximum reduction in section. The engineer, however, 
must consider the structure not only at the time it is 
built but also as it will exist perhaps twenty years later 
when the members have been thinned by corrosion. 
Since the structural members are already relatively thin 
by virtue of the desired weight-saving, it is necessary 
that further thinning from the ravages of corrosion be 
prevented, at least in so far as possible, else the struc- 
ture will become too weak to serve its intended purpose. 
Similarly, when high-strength steels are employed to 
obtain increased service life, corrosive attack must be 
retarded. Thus, it may be said that improved corrosion 
resistance is equal in importance to higher strength and 
that the corrosion resistance of the high-strength steels 
should be as high as is economically feasible without, at 
the same time, adversely affecting the other properties 
and characteristics to a marked extent. Unfortunately, 
the corrosion resistance of a material cannot be ex- 
pressed quantitatively (as the yield point is described, 
for instance) because it is only a relative term. Further- 
more, no material is equally resistant to all the corrosive 
conditions to which it might conceivably be exposed. Its 
performance can only be compared with that of other 
materials under similar conditions. A large number of 
corrosion tests under many conditions of exposure, par- 
ticularly atmospheric rack tests, have been conducted 
for the purpose of determining these relative values. 
Such tests differentiate between the performances of 
various steels and permit a close evaluation of the trends 
in weight loss due to corrosion. The atmospheric- 
corrosion resistance of high-strength steels varies with 
the combination and content of those alloying elements 
most effective in building up this resistance. Several 
steels of this type possess four to six times the 
atmospheric-corrosion resistance of structural carbon 


steel having a low copper content. The superior atmos-* 
pheric corrosion resistance which most of the high* 
strength steels have shown in rack tests has been con- 
firmed by their performances in many different kinds 
of service. This superiority is particularly evident in 
those applications in which the materials are subjected 
principally to atmospheric corrosion. Much has been 
written concerning the details and results of corrosion 
tests and a number of references are included in the 
bibliography for the use of those who wish to pursue the 
subject further. Figure 45—1 shows time-corrosion 
curves for plain carbon steel, structural copper steel, 
and three high-strength, low-alloy steels exposed to an 
industrial atmosphere. 

Formability — High-strength, low-alloy steels must 
have suitable plastic properties so that they can be hot 
or cold worked readily and economically into various 
commodities for use in engineering structures. These 
materials must also be capable of being readily hot 
formed, cold formed, sheared, punched, reamed, coped, 
sawed, milled, drilled, riveted and welded by the fabri- 
cator. These operations can be performed on high- 
strength steels with almost as much ease as on regular 
structural carbon steel. High-strength steels, despite 
their high yield points, can be satisfactorily worked in 
pressbrakes, drawbenches, presses and other equipment 
used for cold forming, even when these forming opera- 
tions are quite severe. 

There are some inherent differences between the cold- 
forming characteristics of high-strength and plain car- 
bon steels. First of all, more force is required to produce 
a given amount of permanent set in a high-strength steel 
section than in a plain carbon steel section of the same 
thickness. This is attributable to the greater strength of 
the high-strength steel, and the difference in force is ap- 
proximately proportional to the difference in the yield 
points of the two materials. 

Another difference is in the amoimt of springback en- 
countered after forming the two materials. When like 
parts are formed from the same thickness of a high- 
strength steel and of a plain carbon steel, the relative 
springback of the two materials will be about propor- 
tional to the amount of force required to produce the 
part; therefore, a somewhat greater allowance for 
springback should be provided when forming the high- 
strength steel. When the high-strength steels are em- 
ployed in thinner sections, the effect of reductions in 
thickness upon the springback allowance must also be 



Pjq 45 «.i. Comparative reductions of thickness by atmoaqpheric cor- 
rosion of steels exposed to an industrial atmosphere. 
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considered. In bending operations, the amount of elastic 
deformation is increased considerably by reductions in 
section thickness. Therefore, when lighter sections of 
high-strength steel are used, more springback is ob- 
tained even though the force to produce the part is little 
or no greater than that reqtiired for the original part of 
plain carbon steel. 

Experience has shown that more liberal radii of bend 
must be used with a high-strength steel than with plain 
carbon steel for successful cold forming. This again is 
ascribed to the greater strength of the high-strength 
steel. 

Weldability-~Since welding is generally employed in 
fabricating structural steel, it is important that high- 
strength steels be readily weldable by metal-arc weld- 
ing and by gas welding in plate thicknesses and by aU 
the resistance welding processes in sheet and strip thick- 
nesses. It is equally important that the welds in fabri- 
cated structures have the required strength and ductility 
to withstand the most adverse conditions in the con- 
templated service. As mentioned before, the develop- 
ment of the present-day high-strength steels has paral- 
leled the adoption of the various welding processes and 
particular care was exercised to make certain that these 
steels possessed good welding characteristics. Suffice it 
to say that the high-strength low-alloy steels are con- 
sidered readily weldable by the usual processes. 

Notch toughness, measured in a notched-bar impact 
test, is of interest l^cause it reflects the behavior of the 
materials at notches in actual structures. High-strength 
steels exhibit notch toughness superior to that of struc- 
tural carbon steels, whether the notch toughness be 
considered in terms of the amount of energy absorbed 
in breaking a specimen at room temperature or in terms 
of the refrigerated temperature to which they preserve 
their toughness. 


These advantages in notch toughness are reflected 
in superior performance of actual structures under ad- 
verse conditions of stress. 

Fatigue Resistance— The resistance to repeated load- 
ing, or the fatigue resistance, of materials is generally 
determined by testing polished specimens. The endur- 
ance limit determined by this method of testing, there- 
fore, is considered to have little bearing on the fatigue 
resistance of full-size structures since failures of struc- 
tural members, subject to alternating or pulsating 
stresses, generally originate at some surface notch or 
discontinuity acting as a stress raiser. Laboratory tests 
of polished specimens do, however, indicate that the 
high-strength steels are superior to structural carbon 
steels. The ratio of endurance limit to tensile strength 
is greater for high-strength steels than for structural 
carbon steel. 

Abrasion Resistance— There is general agreement that 
the resistance of various steels to abrasive action in- 
creases with strength or hardness and, to some extent, 
with carbon content. Service tests have demonstrated 
that the abrasion resistance of the high-strength steels, 
with their inherently greater strength, is somewhat 
higher than that of structural steel containing 0.15 to 
0.20 per cent carbon. 

Composition, Properties and Characteristics, and Ap- 
plications — In the development of a chemical composi- 
tion to obtain the desired properties in a steel, it was, 
of course, imperative that strength be given first con- 
sideration. Since Increased strength can be obtained 
with various combinations of alloying elements, a num- 
ber of different compositions have been produced which 
offer interesting combinations of other properties and 
characteristics in addition to the required minimum 
strength. This is well illustrated by the compositions 
of a representative group of current high-strength steels 


Table 45—11. Composition Ranges of Some Representative High-Strength Low-Alloy Steels. 


Composition, Per Cent 


Brand 
(and Type) 

c 

Mn 

P 

S 

(max.) 

Si 

Cu 

Ni 

Cr 

Other 

Elements 

COR-TEN 

(Cr-Si-Ni-Cu-P) 

0.12 max. 

0.20/0.50 

0.07/0.15 

0.05 

0.25/0.75 


0.65 max. 

0.30/1.25 


TRI-TEN “E** 
(Mn-Cu-V) 

0.22 max. 

1.25 max. 

0.04 max. 

0.05 

0.30 max. 


_ 


V, 0.02 min. 

TRI-TEN 

(Mn-Nl-Cu) 

0.25 xnax. 

1.35 xnax. 

0.045 max. 

0.05 

0.30 max. 


0.50/0.90 



MAN-TEN 

(Mn-Cu) 

0.25 max. 

1.10/1.60 

0.045 max. 

0.05 

0.30 max. 

mMi 

_ 

_ 


Aldecor 

(Si-Cu-Mo-P) 

0.12 max. 

0.15/0.40 

0.08/0.15 

0.05 

0.35/0.75 

0.35/0.60 

_ 


Mo, 0.16/0.28 

Republic 
Double Strength 
(Ni-Cu-Mo) 

0.12 max. 

0.50/1.00 

0.04 max. 

0.05 


0.50/1.00 

0.50/1.10 


Mo, 0.10 min. 

Jalten No. 2 
(Mn-Cu-P) 

1 

0.15 max. 

0.90/1.40 

0.08/0.14 

0.05 

0.10 max. 

0.30 min. 

Residual 

Residual 

wtmm 

Hi-Steel 

(Cu-Ni-Mo-P) 

0.12 max. 

0.50/0.90 

0.05/0.12 

0.05 

015 max. 

0.95/1.30 

0.45/0.75 


Mo. 0.08/0.18 
AI, 0.12/0.27 

Mayari R 
(Cu-Ni-Cr-Si-P) 

0.12 max. 

0.50/1.00 

0.06/0.12 

0.05 

0.10/0.50 

0.30A70 

0.25/0.75 

0.40/1.00 


Dynalloy 

(Ni-Cu-P-Mo) 

Yoloy 

(Ni-Cu-P) 

0.15 max. 

0.60/1.00 

0.050/0.100 

0.05 

0.30 max. 

0.30/0.60 

0.40/0.70 

— 

Mo, 0.05/0.15 

0.15 max. 

0.60 max. 

0.05/0.10 

0.05 

— 

0.75/1.25 

0.50/2.00 

— 

— 

(Ni*u-P) 

0.12 max. 

0.50/0.75 

0.04/0.07 

0.04 

010 max. 

0.50/0.70 

0.60/0.90 



N-A-X 

Tensile 

(Si-Cr-Zr) 

0.08/0.15 

0JS0/D.75 

0.04 max. 

0.05 

0.60/0.90 

Residual 

Residual 

0.50/0.65 

2r. 0.05/0.15 
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Table 4S— m. ConparatiTe Properties and EngineerinK Data for Stmctoral Carbon Steals and 

Typical High-Strength Steel* 


Mechanical Properties 
in Thicknesses 
and Under 

Typical High 
Strength Steel 

Structural Carbon Steel 

A.S.T.M. A-7 

A.S.T.M. A-113 

Yield Point, (lb. per sq. in.) 

50,000 Min. 

33.000 Min. 

27,000 Min. 

Tensile Strength, (lb, per sq. in.) 

% Elongation in 2" 

70.000 Min. 

22 Min. 

18 

60,000 to 72,000 

50,000 to 62,000 

% Elongation in S'', 0.180" and heavier 

21 

24 

Cold Bend 

ISO* D = 1T 

ISO* D = %T 

180 ‘Flat 

Resistance to Atmospheric Corrosion 


1 

1 

(Comparative) 

4to6 

(or 2 with Copper 
0.20% Min.) 

(or 2 with Copper 
0.20% Min.) 

Modulus of Elasticity 

Endurance Limit (as Rolled), 

28/30,000.000 

28/30,000,000 

28/30,000.000 

(lb. per sq. in.) 

Charpy Impact, Keyhole Notch, (as 

42,000 

28,000 

26,000 

Rolled— Room Temp., Avg.) Ft. Lbs.. . . 
Coefficient of Expansion per Degree F., 

40 

25 

80 

70® to 200® F 

0.0000063 

0.0000063 

! 

0.0000063 


* ASTM Standard Specimens, minimxim number of tests, and ductility modifications apply. 


shown in Table 45 — n, and by the comparison of the 
properties of a typical high-strength steel with those 
of two plain carbon steels given in Table 45— III. 

EFFECT OF CHEMICAL COMPOSITION ON 
PROPERTIES AND CHARACTERISTICS 

Carbon — It will be noted that a number of features 
are common to the compositions of many of the current 
high-strength low-alloy steels. For example, the carbon 
contents are generally lower than those found in struc- 
tural carbon steels. Carbon is one of the more potent 
strengthening elements, but the increase in strength 
which it produces is accompanied by a marked decrease 
in ductility, notch toughness, and weldability. 

In so far as metal-arc welding is concerned, it is gen- 
erally desirable to keep the carbon content below cer- 
tain maximum values because of the high rates of 
cooling which obtain in the heat-affected zone of a 
weldment and the consequent danger of embrittlement 
if the carbon content becomes too high. Carbon has two 
distinct effects in this connection: (1), an increase in 
carbon increases the hardenability and therefore in- 
creases the tendency for hard, brittle martensite to form 
adjacent to the weld; and (2), when martensite does 
form, the steel is much more brittle if the carbon con- 
tent is high than if it is low. Thus, if other alloying 
elements are added, for example, to increase the cor- 
rosion resistance or strength, and the hardenability is 
consequently increased, the carbon content must be 
reduced to avoid embrittlement. ^ 

For satisfactory metal-arc welding of plain carbon 
steels with manganese contents below about 0.60 per 
cent, the upper limit of carbon content is about 0.30 
per cent. With high-strength steels, in which harden- 
ability is increased by addition of other elements, this 
upper limit is reduced; for example, to 0.12 per cent 
carbon in a steel for metal -arc welding containing 0.80 
per cent chromium, 0.50 per cent nickel, 0.40 per cent 
silicon, 0.40 per cent copper and 0.10 per cent phos- 
phorus. Of course, with less alloy content, the carbon 
content may be somewhat higher. 

In the case of spot welding, where quenching rates 
are even more drastic than in metal-arc welding, the 
maximum carbon content in plain carbon steel is still 
further reduced and would, for example, be approxi- 


mately 0.15 per cent. Spot welds made in high-strength 
steels have considerably less ductility than spot welds 
in plain low-carbon steels, even when the former con- 
tain only a maximum of about 0.10 per cent carbon. 

The addition of carbon improves the endurance limit 
in direct proportion to the amount it raises the tensile 
strength. It is reported that variations in carbon content 
or conditions of heat treatment have little effect on the 
rates of corrosion of steels. 

Manganese — ^The manganese contents of most of the 
high-strength steels, as is shown in the table, are some- 
what higher than those of carbon structural steel. The 
effect of manganese on the mechanical properties of 
these types of steel is very much like that produced by 
carbon, but to a milder degree. The addition of man- 
ganese to steel results in an increase in strength ac- 
companied by a decrease in ductility. There appears 
to be a slight improvement in notch toughness and a 
slight impairment in weldability with increase in man- 
ganese content. 

In regard to metal-arc welding, it is desirable to keep 
the manganese content below certain values. These vary 
considerably, depending on the amounts of other ele- 
ments present, particularly the carbon content. Thus, 
if the carbon content is about 0.25 per cent, manganese 
contents up to about 1.00 per cent are acceptable, 
whereas, if carbon is 0.20 per cent or lower, manganese 
somewhat over 1.00 per cent would be satisfactory. 
These permissible maximum amounts of carbon and 
manganese will be further reduced by approximately 
the extent to which the hardenability is increased by 
the addition of other alloying elements used to obtain 
the desired type of high-strength steel composition. 

In the case of spot welding, the maximum permissible 
manganese content is again dependent upon the amount 
of carbon present. As mentioned previously, a carbon 
content of about 0.15 per cent can be tolerated in a steel 
having a manganese content below about 0.60 per cent. 
However, if the carbon content is reduced to 0.10 per 
cent or lower, the permissible manganese content may 
be 1.00 per cent or a little higher. 

The addition of manganese, as is the case with carbon, 
increases the endurance limit in direct proportion to 
the amount It raises the tensile strength. It is reported 
that an increase in the manganese content has a very 
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small beneficial effect on the atmospheric corrosion 
resistance of steel. 

Phosphorus— Many of the present day hi^-strength 
low-alloy steels have phosphorus contents in the range 
of 0.04 to 0.15 per cent. Additions of phosphorus 
markedly increase the strength properties of steel but 
this increase is accompanied by a decrease in ductility. 
Phosphorus was formerly considered to cause em- 
brittlement in steels when present in amounts exceed- 
ing about 0.10 per cent. It has been found, however, that 
the embrittling effect of phosphorus is influenced 
markedly by the carbon content and that this effect is 
not pronounced in the low range of carbon content 
generally employed in the manufacture of high-strength 
steels. It has been further shown that grain-refining 
additions of aluminum improve somewhat the toughness 
of phosphorus-bearing steels. Thus added benefit is 
gained from the silicon-aluminum deoxidation practice 
employed in the manufacture of many high-strength 
steels. With respect to metal-arc welding, the effect of 
phosphorus is similar to that of manganese except that 
the influence of phosphorus is greater. Since the heat- 
affected parent metal is of principal concern when a 
steel is welded, the carbon content must be kept low 
enou^ so that the phosphorus which is present will not 
increase the hardenability of the steel by an amount 
stifficient to produce martensite. The results of several 
investigations indicate that a permissible upper limit 
of 0.20 per cent phosphorus may be set for a plain 
carbon steel containing 0.10 per cent carbon. These 
maxima will, of course, be reduced by approximately 
the extent to which the hardenability is increased by the 
addition of other alloying elements used to obtain the 
desired type of high-strength steel composition. The re- 
sults of a few investigations to determine the effect of 
phosphorus content on the spot-welding characteristics 
of low-carbon steel indicate that cracking occurs in the 
welds if the phosphorus content is 0.20 per cent or 
higher. Addition of phosphorus, as in the case of carbon 
and manganese, increases the endurance limit in ap- 
proximately direct proportion to the increase in the 
tensile strength. The atmospheric corrosion resistance of 
steel is considerably increased by the addition of phos- 
phorus alone, and it has been shown that, when small 
amounts of copper are present in the steel, the effect 
is greatly enhanced. In other words, a given amount of 
phosphorus and copper has a beneficial effect which is 
greater than the eflect produced by the corresponding 
amount of either of the individual elements alone. 

Copper-~Copper in limited quantities is beneficial to 
steels of the high-strength low-alloy type. Most present- 
day high-strength steels contain copper in amoimts 
ranging from 0.20 to 1.30 per cent. Copper markedly 
increases the strength properties and the hardness of 
low- and medium-carbon steels with only a slight 
accompanying decrease in ductility. In contrast to the 
usual effect of alloying elements on strength properties, 
copper additions cause a more rapid rise in yield point 
than in tensile strength. The relative rates of increase 
are such that at about 3.00 per cent copper the yield 
point would closely approach the tensile strength. The 
endurance limit of steel is improved by the addition 
of copper, at least in proportion to the increase produced 
in the tensile strength. Copper up to at least 0.75 per 
cent is considered to have little effect on notched-bar 
toufi^ess or welding performance. Steels containing 
over about 0.60 per cent are susceptible to precipitation 
hardening. This type of hardening is most pronounced 
in the range from 1.20 to 1.50 per cent copper, where 
increases of some 20,000 lb. per sq. in. in bo^ yield 
point and tensile strength are possible. Steels containing 


about 0.50 per cent or more of copper frequently exhibit 
"‘hot shortness” during hot working. This is evidenced 
by the occurrence of cracks or extremely roughened 
surfaces, sometimes referred to as “checking,” which 
may develop during hot deforming at too high a tem- 
perature or during hot working after overheating. 
These defects are caused by preferential oxidation of 
the iron and by penetration of the remaining copper- 
rich alloy into the grain boimdaries of the steel beneath 
the scale. The occurrence of these undesirable surface 
conditions can be minimized by careful control of oxida- 
tion during heating and by hot working below the melt- 
ing temperature of the copper-rich solid solution. There 
has also been considerable experience which indicates 
that the addition of nickel in an amount equal to at 
least one-half the copper content is very beneficial to 
the surface quality of steels containing copper. Copper, 
in the concentrations used, is by far the most potent 
of all the common alloying elements in improving at- 
mospheric corrosion resistance. Copper is especially 
effective in small amounts — ^as low as 0.10 per cent or 
less — in regular carbon steel. Continued improvement 
may be obtained up to 1.00 per cent copper, but the 
effect is not nearly so marked with additions over about 
0.20 per cent copper. 

Other Elements — ^Examination of Table 45 — ^II dis- 
closes that other elements besides those discussed above 
are added to the various proprietary high-strength 
steels. Space does not permit a full discussion of the 
effect of the individual elements, but the amount of 
each element present in the steels listed in Table 45—11 
has been added to obtain a desired improvement in one 
or more of the essential characteristics and properties. 
From an examination of the compositions shown in 
Table 45 — II and of the properties shown in Table 
45 — m, it will be seen that the high strength has been 
obtained in these steels by the use of alloying elements 
other than carbon. In spite of the fact that an increase 
in strength is usually accompanied by a decrease in 
toughness, the high-strength steels, having a lowered 
carbon content, are both stronger and tougher than 
structural carbon steels. Generally, some sacrifice has 
been made in weldability, and even occasionally in 
formability, in order to obtain this higher strength and 
increased resistance to atmospheric corrosion, along 
with higher endurance limit and greater abrasion resist- 
ance. The specific combinations of elements employed 
in the individual high-strength steels have resulted in 
various compromises of the properties and character- 
istics previously discussed. 

Many articles and papers have been published which 
deal with the properties, characteristics and fabrication 
of the various steel compositions which are termed high- 
strength low-alloy steels, and a number of references 
which cover the subject in greater detail will be found 
at t§e end of this chapter. 

Applications — While high-strength low-alloy steels 
find application in all recognized market classifications, 
the largest single field of application has been in the 
construction of transportation equipment. From 1934 to 
1954 more than 190,000 railroad freight cars and 6,000 
railroad passenger units have been constructed with 
but one of the leading grades of high-strength steel. 
If all of the prominent grades are considered, the num- 
ber of high-strength steel freight cars in service would 
doubtless exceed 300,000 or 17 per cent of the current 
car ownership by American Class I railroads. Until 
quite recently, the emphasis, in railroad freight car 
usage, was on the substantial economies in operating 
costs obtained by using high-strength steels in some- 
what reduced thicknesses to decrease the dead weight 
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of the cars. In some instances, the railroads were also 
able to increase the revenue per car trip by enlarging 
the capacity of the lightweight car so that it could 
carry an additional amount of pay load equal to the 
reduction made in the dead weight. 

Similar benefits from weight reduction and some in- 
crease in capacity have been obtained with other mobile 
equipment, such as various types of trucks, trailers and 
buses. 

In recent years, however, the emphasis has been 
shifted, in many types of applications, from weight re- 
duction to stronger, more durable equipment, with no 
appreciable decrease in weight. 

In addition to decreased maintenance costs, utilization 
of this principle has resulted in improved service per- 
formance. Examples are found in railroad freight cars, 
mine cars, power shovels and many other types of 
earth-moving equipment, off-highway trucks, and many 
other types of material-handling equipment, all of which 
are subjected to severe abuse in service. 

High-strength steels, surface ground while hot and 
subsequently cold formed into the more elaborate types 
of automotive bumpers prevalently in use, have largely 
supplanted high- and medium-carbon steels previously 
used in making bumpers by hot forming which required 
costly hand grinding of the formed bumper before 
plating. 

In bridges, designers are giving increased recognition 
to the importance of reducing dead load by using high- 
strength steels, particularly when long spans are in- 
volved and where a reduction of weight at the center 
permits additional saving in the weight of the support- 
ing members. High-strength steels also lend themselves 
to economical tower construction where their properties 
permit the use of smaller sections than would be re- 
quired in plain carbon steel. This advantage is important 
in tall television towers where wind resistance is less- 
ened by use of smaller sections, and in transmission 
towers where lighter weight is a substantial advantage 
in reducing freight and handling costs. 

Multistory building construction does not generally 
provide a suitable field of application for high-strength 
steel because weight reduction in the structural mem- 
bers is not usually important or economical. However, 
lightweight cold-formed sections of high-strength steel 
are being used to advantage in the framing members 
of industrial and farm buildings. 

The weight of portable and semi-portable containers 
for liquefied petroleum gas has been reduced sub- 
stantially by the use of high-strength steel, making 
them easier and less costly to handle and ship. Almost 
all such containers are now made of high-strength steel. 

Other applications of high-strength steels include: 
the inner bottoms, floors, tanks and hatch covers of 
ore boats; hulls and other structural members and 
accessories of small tankers, barges, tugs, launches and 
river boats; coal bunkers, street-lighting poles, portable 
oil-drilling rigs, cable reels, pole-line hardware, air- 
conditioning equipment, oil-storage tanks, stokers, 
agricultural-machinery parts, military shipping con- 
tainers, and air-preheater heating elements. 
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Introductory-^When an alternating electric current is 
passed through a wire coiled around an iron bar, a mag- 
netic field is induced in the bar, or core as it is commonly 
called. This magnetic field will, in turn, induce an elec- 
tric current in a second wire coiled around the same bar 
or core, but not connected to the first wire. During this 
process, some of the electrical energy is converted to 
heat which is wastefuUy dissipated. If the core is con- 
structed of thin laminations insulated from each other, 
the amount of energy lost as heat will be considerably 
reduced because the stray magnetic fields that cause 
part of the energy loss cannot flow as freely in a lam- 
inated structure as they do in a solid bar. An additional, 
and far greater, reduction in energy loss can be obtained, 
however, by replacing the iron in the core with silicon 
steel. The relatively high permeability, high electrical 
resistance, and low hysteresis loss of the silicon steels, 
which contain % per cent to 5 per cent silicon, account 
for the beneficial reduction in energy loss. 

The silicon steels (first patented by Sir Robert Had- 
field about 1900) have made possible the development 
of more efficient and more powerful electrical equipment 
and have played an important role in the rapid growth 
of the electrical power industry. It has been estimated 
that this industry uses approximately 750,000 tons of 
silicon steel sheets annually. 

In this chapter, reference is made only to steels pro- 
duced in sheet form for the magnetic cores of electrical 
equipment and containing up to approximately 5 per 
cent silicon, which is the upper limit for commercial 
materials. Such products are referred to in the industry 
as electrical sheets. 

CLASSIFICATION AND USES OF 
ELECTRICAL SHEETS 

Silicon-steel electrical sheets may be divided into two 
general classifications, (1) grain-oriented steels, and 
(2) non-oriented steels. The grain-oriented steels, con- 
taining about ZVa per cent silicon, are used in the 
highest-efficiency distribution and power transformers 
and in large turbine-generators. The non-oriented steels 
may be further subdivided into three classes on the basis 
of composition and application. 

1. Low-silicon steels containing about % per 
cent to 1% per cent silicon. These steels are 
used principally in the rotors and stators of 
motors and generators. Steels containing 
about 1 per cent are also used for reactors, 
relays, and small intermittent-duty trans- 
formers. 

2. Intermediate-silicon steels containing about 
2Vfe per cent to 3% per cent silicon. These 
steels are used in motors and generators 
of average to high efficiency and in small 
to medium-sized Intermittent-duty trans- 
formers, reactors, and motors. 

8. High-sUicon steels containing about Z% per 


cent to 5 per cent silicon. This class is used 
in power transformers and the highest- 
efficiency motors, generators, and radio- 
transformers, and in other communications 
equipment. 

There are a number of grades of electrical sheets in 
each of the above classifications. Specifically, there are 
three grain-oriented grades, typified by USS Trans- 
former 80, 73, and 66, and eight non-oriented grades, 
USS Armature, USS Electrical (low-silicon), USS Mo- 
tor, USS Dynamo (intermediate-silicon), USS Trans- 
former 72, 65, 58, and 52 (high-silicon). The sheets are 
‘‘graded'^ on the basis of a maximum specified core loss ♦ 
at an induction of either 10 or 15 kilogausses. Specified 
maximum values for the grain-oriented grades have 
been established only at 15 kilogausses. Core loss values 
are expressed as watts per pound at 60 cycles and vary 
for each grade and thickness as shown in Table 46 — 1. 
It can be seen that the core loss of the non-oriented 
grades decreases (improves) as silicon content increases 
and thickness decreases. 

PROCESSING OF ELECTRICAL SHEETS 

Grain-Oriented— These grades are made from open 
hearth steel containing about 3^4 per cent silicon. The 
selection of the charge for the heats, and the melting 
and refining are under very close controls to insure the 
cleanest and purest steel possible. Otherwise, the fur- 
nace practice is similar to that used for other low-carbon 
steels. The alloying addition of silicon in the form of 
ferrosilicon is made to the steel in the ladle. Pouring 
practices are much like those used for other fully-killed 
steels and the ingots are rolled to slabs by common 
practices. 

The slabs are next hot rolled and coiled in continuous 
hot strip mills. After rolling, the coils are pickled in 
continuous, single-strand picklers to remove the sur- 
face oxides formed during hot rolling. Subsequent steps 
in the processing may vary somewhat among the var- 
ious manufacturers, but generally they consist of two 
cold reductions, each followed by a suitable continuous 
anneal, and a final high-temperature box anneal. The 
steel may be used directly from the coil after box an- 
nealing for wound-core distribution transformers in 
^ite of slight curvature (“coil-set*^) caused by anneal- 
ing in coil form. If the steel is to be used for laminations 
in power transformers or turbine-generators, where 
even this slight curvature is undesirable, the coil-set 
must be removed by continuous annealing. 

Non -Oriented— Two general processing methods are 
used in the production of non-oriented electrical sheets. 
The older method consists of hot rolling the sheets on 
hand mills; it is being supplanted by the newer contin- 
uous cold-reduction method. The inherent brittleness 


^Definitions for core loss and other magnetic terms are 
given at die end of this chapter. 
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Table 46—1. Maximom Core Lossei for Electrical Sheets, Based on E^ein TM, 
A.S.T.M. Standard Method A-34. 

(Watts per Pound at 60 Cycles and 10 Kilosausscs) 



Electrical 
Sheet Gage No. 

29 1 

28 

27 

26 

25 

24 

23 

22 

Grade 

Gage Thickness, 
In. 

m 

0.0155 

0.0170 

0.0185 

H 


m 

0.0310 

USS Armature .AISI M-43 

1.30 

1.38 

1.46 

BQSjl 


1.98 

2.23 

2.50 

USS Electrical .AISI M-36 

1.17 

1.23 

1.29 



1.70 

1.94 

217 

USS Motor 

....AISI M-27 

1.01 

1.05 

1.09 


1.22 

1.30 

1.44 

1.60 

USS D3mamo ..AISI M-22 

0.82 

0.86 

0.90 

0.94 

1.02 

1.10 

.... 

•I... 

USS Transformer 72 
AISI M-19 

0.72 

0.76 

0.80 

0.83 

0.90 

0.97 



USS Transformer 65 

0.65 

0.68 

0.72 

0.75 





USS Transformer 58 

0.58 

0.61 

0.65 

0.68 





USS Transformer 52 
AISI M-14 

0.52 

— 




.... 



..... 


(Watts per Pound at 60 Cycles and 15 Kilogausses) 


USS Armature .AISI M-43 

3.90 

4.00 

4.10 

4.20 

4.70 

5.25 

5.80 

6.40 

USS Electrical .AISI M-36 

3.30 

3.40 

3.50 

3.60 

3.95 

4.40 

4.95 

5.50 

USS Motor . . . .AISI M-27 

2.46 

2.55 

2.63 

2.74 

2.92 

3.09 

3.41 

3.78 

USS Dynamo . .AISI M-22 
USS Transformer 72 

2.00 

2.09 

218 

2.26 

2.45 

2.63 

— 

— 

AISI M-19 

1.78 

1.87 

1.96 

2.03 

2.19 

285 

— 

— 

USS Transformer 65 









AISI M-17 

L62 

1.69 

1.79 

186 

— 

— 

— 

— 

USS Transformer 58 









AISI M-15 

1.46 

1.54 

1.63 

1.71 

— 

— 

— 

— 

USS Transformer 52 









AISI M-14 

1.33 





— 

— 

— 

— 

— 

USS Transformer 80 









AISI M-8 




— 

— 

— 

— 

— 

— 

USS Transformer 73 









AISI M-7 

0.73 

— 

— 

— 

— 

— 

— 

— 

USS Transformer 66 









AISI M-6 

0.66 

— 

— 


— 

— 

— 

— 


of silicon steel at room temperature, however, normally 
limits the grades that can be cold reduced to those con- 
taining less than 3% per cent silicon. Thus, it appears 
that production of high-silicon sheets in the hand mills 
will be continued until such an operation becomes un- 
economical, or these grades can be made by the cold- 
reduction method. 

The same grades of steel, with the exception noted 
above and also with some minor adjustments in com- 
position, are used in both the hot-rolling and the 
cold-reduction methods. The practices for steelmaking, 
pouring, slabbing and rolling on a hot-strip miU are 
practica^y the same for both methods and are similar 
to those previously described for the grain-oriented 
grades. Beyond the hot-strip-mill rolling stage, however, 
the hot-rolling method and the cold-reduction method 
differ materially. 

Hot-rolled strip coils intended for processing Into 
sheets by the hot-rolling method are uncoiled and 
sheared into suitable lengths. The sheared pieces are 
doubled, reheated, and hot rolled in packs on hand-mills 
to a predetermined length. The length is such that the 
thickness of the individual* sheets comprising the pack 
is reduced to the ordered thickness during the hot- 
rolling. After rolling, the packs are sheared to the or- 
dered length and width and the sheets In the packs are 
separated from eadi other. Subsequent processing of 


the sheets may vary somewhat, depending on the mag- 
netic quality desired, but generally the treatments will 
include pickling, cold-rolling to flatten (no substantial 
reduction in thickness) , and box annealing at a suitable 
temperature to develop the required magnetic prop- 
erties. 

The hot-rolled coils that are to be processed by the 
cold-reduction method are pickled (continuous) and 
then cold-reduced to the ordered thickness. The cold- 
reduction operation is accomplished in tandem mills or 
in single-stand reversing mills. The processing subse- 
quent to cold-reduction includes suitable continuous- 
annealing and box-annealing treatments to develop the 
required magnetic properties. If the steel has been box- 
annealed in the form of coils, it is usually ^'thermally 
flattened” by continuous annealing. 

The processing of grain-oriented and non -oriented 
electrical sheets described above may be followed by 
core plating If this is desired by the customer. The core 
plating operation is discussed in the following para- 
graphs. 

CORE PLATING 

The cores of transformers and other electrical struc- 
tures are constructed of laminations to restrict the flow 
of eddy currents and thereby reduce this component of 
the core loss. For this to be successful, however, it Is 
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necessary that each lamination be insulated from the 
others so that the eddy currents will not flow readily 
from one lamination to another. The normal surface 
oxide on fully-annealed silicon-steel sheets provides a 
certain amount of this necessary insulation or inter- 
lamination resistance, but in many cases it must be sup- 
plemented. The additional insulation is supplied by 
coating the sheets or laminations with a thin coating of 
varnish or core plate, which has good electrical resist- 
ance and which is capable of maintaining this resistance 
under normal operating conditions of temperature and 
pressure. When used in oil-immersed transformer cores, 
the core plate must not react with the oil because the 
products of this reaction would interfere with the cir- 
culation of the oil and thus cause excessive heating of 
the transformer. 

There are two main types of core plate in common use, 
organic and inorganic, although there are many different 
classes of these two types. The usual method of applying 
either type is to pass the sheets or laminations trough 
rolls coated with the core plate, and then through a 
combination flashing and baking oven. The thickness of 
the coating must be controlled, since the heavier the 
coating the greater will be the insulating properties. The 
coating cannot be too thick, however, because this will 
in effect reduce the amount of steel in a core of a specifle 
height. Baking temperatures differ, depending on the 
composition and type of coating used. In general, the 
organic varnishes require more care in baking, since it 
is essential to volatilize off most of the vehicle and thus 
obtain a coating free from tackiness. Under-baking re- 
sults in a soft, tacky coating which will not have satis- 
factory insulating properties at the pressure present in 
the core after assembling. Care also must be taken to 
prevent over-baking because the varnish will become 
carbonized and the insulation characteristics of the coat- 
ing will be thereby impaired. 

The inorganic type core plates are relatively free of 
volatile oils and organic matter and therefore require 
less exacting baking conditions. One of the requisites of 
an inorganic core plate is that it must be capable of 
withstanding annealing temperatures up to about 1500* 
P. Transformer manufacturers specify this type of core 
plate when they anneal the laminations before assem- 
bling the core. 

FACTORS AFFECTING MAGNETIC PROPERTIES 

Among the many factors that affect the magnetic 
properties of silicon-steel electrical sheets, the most im- 
portant are (1) composition, (2) internal stress, and (3) 
grain orientation. 

Composition— Electrical sheets composed of pure sili- 
con ferrite, if obtainable, would be superior to the best 
commercial grades of silicon steel manufactured today. 
Practically all elements other than silicon and alumi- 
num, when added to iron, adversely affect the magnetic 
properties desired in these ‘‘soft” magnetic materials. 
The absolute influence of each element is masked by the 
effects of other elements, but it is generally agreed that 
carbon is the most detrimental, followed in order by 
sulphur, oxygen, and nitrogen. Manganese and phos- 
phorus apparenfly have little or no effect on magnetic 
properties, at least in the quantities normally present 
in commercial silicon steels. Consideration must be 
given to the state or form in which the impurity is pres- 
ent, however, as this may greatly alter its effect on 
magnetic properties. For example, widely-dispersed, 
flne particles of an impurity are more harmful than an 
agglomeration of the same impurity into a few rel- 
atively large particles. 

Intmial Stress— Three of the more important mag- 


netic properties, permeability, coercive force, and hys- 
teresis loss, are adversely affected by internal stress. For 
that reason, every effort is made in the processing oi 
electrical sheets to produce a stress-free product. There 
are two main sources of internal stresses, (1) impurities 
that cause dislocations in the crystal lattice, and (2) 
mechanical stresses introduced during the rolling op- 
erations that are not completely removed during sub- 
sequent annealing or that are introduced by cooling too 
rapidly from the annealing temperature. Precautions 
are taken throughout the processing to reduce impuri- 
ties such as carbon, sulphur, nitrogen, and oxygen to the 
lowest possible level to avoid internal stresses from this 
source. Mechanical stresses are minimized by annealing 
at high temperatures to completely remove the stresses 
introduced during working and by cooling veiy slowly 
from the annealing temperature. 

Grain Orientation — ^Most magnetic properties are 
markedly affected by crystal orientation. That is, such 
properties are better in one of the three principal crys- 
tallographic directions of the unit cubes • than they are 
in the other two directions. This directionality of mag- 
netic properties is undesirable in many applications such 
as in rotating machinery, but it has definite advantages 
in other applications. T^e cores of distribution and 
power transformers can be wound or constructed from 
laminations cut from the sheets to take advantage of 
such directionality. Consequently, the manufacturers of 
grain-oriented electrical sheets strive to develop this 
characteristic to a high degree. The processing of grain- 
oriented sheets was described in an earlier section of 
this chapter. 



H 
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Flo. 46 — 1. Effect of orientation on the 
magnetic properties of a crystal, 
showing relative ease with which the 
cubes comprising the iron-silicon 
space lattice can be magnetized in 
different directions. 

•A discussion of crystallography is found in Chapter 2 of 
this book. 



electrical sheets 


851 



Fic. 4fr~2. (Left) Section of the ternary iron-silicon-carbon diagram at the 0.01 to 0.02 per 
cent carbon level; (right) same at the 0.05 to 0.08 per cent carbon level. 


After completion of this processing, most of the grains 
are so arranged that edges of the unit cubes comprising 
each grain are aligned parallel to the rolling direction 
and face diagonals are aligned in the transverse direc- 
tion. Because each cube is most easily magnetized along 
its edge, the [100] direction, the magnetic properties of 
grain -oriented sheets are best in the rolling direction. 
As shown in Figure 46 — 1, the face diagonal, [110] direc- 
tion, of each cube is more diflicult to magnetize than 
the cube edge, and the cube diagonal, [111] direction, 
is the most diflicult to magnetize. The magnitude of these 
differences is also illustrated in Figure 46 — 1. Thus, the 
magnetic properties of grain-oriented sheets are best in 
the rolling direction, poorer at 90 degrees to the rolling 
direction, and poorest at 55 degrees. 

Consumers of grain-oriented sheets take advantage 
of this directionality effect by constructing magnetic 
cores in such a manner that the main flux path is in the 
rolling direction. As examples of the extent of the direc- 
tional effect, the core loss and permeability at 15 kilo- 
gausses in the rolling direction may be as much as 2^ 
and 50 times better, respectively, than the same prop- 
erties in the transverse direction. 

EFFECTS OF SILICON ON IRON-CARBON ALLOYS 
In addition to improving magnetic properties by de- 
creasing eddy-current and hysteresis losses and by in- 
creasing permeability, silicon also has the following 
effects on metallographic, physical, and mechanical 
characteristics: 

1. Alloys of iron and silicon form a metallo- 
graphic gamma loop which is closed at a silicon 
content of about 2Vi per cent. In the complete 
absence of carbon, only alpha iron (or delta 
iron at high temperatures) is present in alloys 
containing more than 2V4 per cent silicon. The 
addition of even as little as 0.05 per cent car- 
bon, however, causes some gamma iron (aus- 
tenite) to be present up to at least 5 per cent 
silicon, as shown in Figure 46—2. 


2. The magnetic transformation (A*) is de- 
pressed about 9® C (16® F) for each per cent 
of silicon up to about 4 per cent silicon. At 
a silicon content of about 4 per cent, the mag- 
netic transformation (As) occurs at approxi- 
mately 730® C (1346 T). 

3. Silicon increases the electrical resistivity of 
iron 11.4 microhms per cubic centimeter for 
each added per cent of silicon. 

4. The addition of silicon to iron reduces the 
density of the resulting alloy. 

5. The addition of silicon to a low-carbon steel 
decreases the tendency for the material to age 
(impairment of magnetic properties with in- 
creased time and temperature), provided 
other factors are normal and properly con- 
trolled. 

6. Brittleness, or lack of ductility, increases as 
the percentage of silicon increases. 

MECHANICAL PROPERTIES 

Although no appreciable drawing operations are in- 
volved in fabricating articles from silicon-steel sheets, 
the material must have good punching and shearing 
qualities and must be reasonably flat so that motor, gen- 
erator, and transformer laminations may be pimched or 
sheared therefrom without difficulty. Typical mechani-r 
cal properties of the various silicon-steel grades are 
Usted in Table 46—11. 

In general, as the silicon content increases, elonga- 
tion, Erichsen ductility, and Amsler bend values de- 
crease, and hardness, yield point, and tensile strength 
increase. In the transformer grades, however, differences 
in processing treatments may alter these trends to some 
extent. 

D EFINI TIONS OF TERMS AND 
METHODS OF TESTING 

The practical value of electrical sheets is determined 
principally by their magnetic characteristics. Hie most 
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lUble 4S>-1L Typical Mechanical Properties of Electrical Sheets 


Grade 


Armature 

Electrical 

Motor 

Dynamo 

Transformer 72 — 
Transformer 65 . . . 
Transformer 58 — 
Transformer 52 . . . . 
Grain-Oriented 
(Transformer 73) 


Approxt- 
Date 81 
Content 
(Per Cent) 

Approzl- 

ornte 

Beelstlflty 
(Microhms 
per cm*) 

Yield Point 
Longitudinal 
(Lb per 

Sq In) 

Tensile 
Strength 
Longitudinal 
(Lb per 

8q In) 

% 

21 

27,000 

46,000 

IVk 

28 

35,000 

51.000 

2% 

45 

46,000 

63,000 

3V4 

50 

51,000 

69,000 

3^4 

56 

59.000 

76,000 

4 

58 

59,000 

66.000 

iV4 

61 

60.000 

61.600 

4% 

64 

60,000 

69,500 

3Va 

50 

47.700 

58.300 


Per Cent 

1 Elongation 

1 In 2 In. 
Longitudinal 

Rockwell 

BardoeM 

B 

Sridnen 

Cup 

(mm.) 

Amtler 

Bends 

29 

37 

73 


28 

51 

6.5 

— 

21 

66 

6.8 

21 

18 

74 

6.5 

12 

12 


3.6 

13 

5 

70 

4.0 

7 

4 

75 

3.5 

5 

2 

1 

74 

2.7 

1 

3 

8 

80 

3.1 

10 


important characteristics that are used to evaluate this 
product are defined as follows: 

Magnetic Aging is defined as the deterioration of mag- 
netic properties of a material with increased time and 
temperature. Thus, as a material ages magnetically, its 
core loss increases and its permeability decreases. Tpie 
American Society for Testing Materials Standard Aging 
Test consists of measuring the magnetic properties of 
a sample before and after heating it to 100 C for 600 
hours and then determining the change in properties. 

Core Loss is defined as the energy expended in mag- 
netizing a material with an alternating electric current. 
The core loss of a low-loss material such as grain- 
oriented steel is composed of hysteresis, eddy-current 
and residual losses. Only the hysteresis and eddy- 
current losses are present in higher-loss material. 

Core loss is measured on 3 by 50 centimeter specimens 
assembled with butt joints, or on 3 by 28 cent^eter 
specimens assembled with lap and butt joints in the 
standard Epstein testing apparatus. The resulting values 
are expressed as watts per pound at a given flux density 
(usually 10 or 15 kilogausses) at a frequency of 60 
cycles per second. 

Eddy-Current Loss is that portion of the core loss 
caused by the circulation of stray magnetic currents in 
the magnetic material. These stray or eddy currents are 
generated in the core by the oscillation of the magnetic 
field in phase with the alternating electric current in 
the coil surrounding the core. 

Eddy-current loss can be calculated from Maxwell’s 
equation, or it can be determined by "separating" core 
loss into its components by the graphical method. 

Hysteresis Loss is the power expended in a magnetic 
material, as a result of magnetic hysteresis, when the 
magnetic induction is cyclic. Hysteresis loss is propor- 
tional to the area of the hysteresis loop and can be de- 
termined by measuring the area of a hysteresis loop 
plotted from data obtained in a permeameter. 

Permeability is a measure of the ease with which the 
magnetic lines of force can pass through a substance 
magnetized with a given magnetizing force. Quantita- 
tively, it is expressed as the ratio between the magnetic 
flia density (B) produced and the magnetizing force (H) 
producing this flux density. The Greek letter m (mu) is 
used to designate this ratio. Thus, 

Permeability, = g 

Alternating-current permeability is measured in the 
E^ein apparatus on 3 by 28 centimeter specimens as- 
sembled with lap and butt joints. Direct-current per- 
meability is measured in a permeameter, such as the 


Fahy Simplex Permeameter in which the specimen size 
is 3 by 25 centimeters or longer. 

Magnetic Flux Density, or Induction is the number of 
lines of magnetic flux per unit area at right angles to 
the direction of the flux. 

When a magnetic core having a closed magnetic cir- 
cuit is magnetized by current flowing in the windings of 
the coil which enclose the core, magnetic lines of force 
are generated which are designated as magnetic flux. 
The total magnetic flux in the core, designated as 0 
(phi), divided by the cross-sectional area of the core in 
square centimeters, gives the flux density (B), in lines 
per square centimeter, or gausses. 

Magnetomotive Force is defined as the force which 
tends to produce a magnetic field. This force, when 
generated by an electric current flowing through a coil 
of wire, is proportional to the current and to the number 
of turns of wire in the coil. The term is not commonly 
used except in defining magnetizing force. 

Magnetizing Force is defined as the magnetomotive 
force per unit of core length and is designated by the let- 
ter H. When the length of the core is expressed in centi- 
meters, the unit of magnetizing force is the oersted. 
Another unit of magnetizing force sometimes u.sed is 
ampere turns per inch which is 2.02 times greater than 
an oersted. 

Saturation is the maximum flux density that can be 
obtained in a magnetic material. Further increases in 
magnetic force over that necessary to achieve this satu- 
ration flux density will not cause the generation of any 
additional flux within the material. Saturation occurs at 
a flux density of about 21,500 gausses in low-silicon 
steels and about 19,500 gausses in high-silicon steels. 

Interlamination l^sistance is the term applied to the 
electrical resistance measured perpendicular to the 
lamination plane in a stack of laminations under pres- 
sure. It indicates the effectiveness of surface oxides or 
core-plate coatings on the laminations in reducing inter- 
lamination (eddy-current) losses. Interlamination re- 
sistance values are generally expressed as ohms per 
square centimeter per strip at a given pressure in psi. 

Lamination Factor or Space Factor is the ratio of the 
volume of a stack of laminations under a given pressure 
to that of the solid material of the same mass, assuming 
a definite density based on the chemical composition. 
Thus, the factor indicates the deficiency of effective 
steel volume due to the surface roughness and lack of 
flatness of the laminations, or to the presence of oxides 
and core-plate coatings on the surface of the laminations. 
Space factor values are generally expressed as a per- 
centage which is obtained by multiplying the volume 
ratio by 100. 
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Chapter 47 
STAINLESS STEELS 


General— >Afi the name implies, stainless steels are 
more resistant to rusting and staining than are plain 
carbon and lower alloy steels. This superior corrosion 
resistance is brought about by addition of the element 
chromium to alloys of iron and carbon. Although other 
elements, such as copper, aluminum, and silicon, nickel 
and molybdenum, also increase the corrosion resistance 
of steel, they are limited in their usefulness, and the dis- 
cussion in this chapter will be confined to the iron- 
chromium and iron-chromium-nickcl steels in which 
chromium is the major element for conferring corrosion 
resistance. 

The minimum amoimt of chromium necessary to con- 
fer this superior corrosion resistance depends upon the 
corroding agent. The American Iron and Steel Institute 
has chosen 4 per cent chromium as the dividing line 
between ‘*alloy” steel and ‘^stainless’* steel and for this 
discussion, the AISI views will be adopted. The standard 
types of stainless steels listed by the AISI in Supplemen- 
tary Information (dated April, 1955) to Section 24 of the 
*‘Steel Products Manual” are shown in Table 47—1, (The 
information in these manuals is revised from time to 
time.) Most of these types are available in the main 
product forms such as plates, bars, shapes, sheet, strip, 
and tubes. A detailed list of the products and sizes avail- 
able for each type of stainless steel is given in the AISI 
Steel Products Manual."* 

As is true of all scientific developments, no single 
nation can claim credit for the stainless steels; Germany, 
England, and the United States shared alike in the de- 
velopment of these materials. 

In 1912 Harry Brearley, head of the Brown-Firth 
Research Laboratory in England, while attempting to 
develop steels to resist the fouling and corrosion en- 
coimtered in gun barrels, reported that a composition of 
12.8 per cent chromium and 0.24 per cent carbon was 
quite resistant to corrosion. Brearley suggested that 
this composition be used for cutlery. In fact, our present 
cutlery steel, AISI Type 420 (12 to 14 per cent chromium, 
over 0.15 per cent carbon), is similar to the steel sug- 
gested by Brearley. 

The development of the higher chromium-iron alloys 
was due to the work of F. M. Becket in the United States 
who, from 1903 on, was continuously attackmg the 
problem of producing low-carbon ferrochromium from 
chromium ores. While investigating the effect of chro- 
mium on oxidation resistance at 2000 *F (lOOS^'C), 
Becket noted a marked increase in resistance as the 
chromium content was raised above 20 per cent It is 
significant that even now and with steels containing 
appreciable quantities of nickel, 20 per cent seems to be 
the minimum amount of chromium necessary for oxida- 
tion resistance at 2000* F (1095* C). 

The austenitic iron-chromlum-nickel alloys were de- 
velcn^cd ^ Germany during the years 1909-1912 by 
Benno Strauss and Mward Maurer while searching for 

^ References are at end of chapter. 


materials for use in pyrometer tubes. Further work by 
Strauss and others ultimately led to the versatile 18 per 
cent chromium, 8 per cent nickel steels (popularly called 
18-8) which are used so widely today. 

CONSTITUTION 

As mentioned above, the corrosion resistance or ”stain> 
lessness” of the stainless steels is primarily a function 
of their chromium content. Therefore, in order to \mder- 
stand the structures, heat treatments, and properties of 
the present commercial steels, a working knowledge 
of the iron-chromium, the iron-chromium-nickel, and 
iron-chromium -carbon diagrams is needed. 

Iron -Chromium System— At the present time, the 
iron-chromium diagram is known only on a semi-quan- 
titative basis. The diagram illustrated by Figure 47—1 is 
a compromise diagram based on the work of many 
investigators."’ ” The difficulties of establishing a precise 
equilibrium diagram are due primarily to two causes: 

1. The difficulty of preparing pure alloys of iron and 
chromium (nitrogen and carbon seem to be the 
chief impurities). 

2. The sluggishness of the iron-chromium alloys to 
respond to heat treatment. 

The first difficulty is relatively imimportant because 
melting practices have improved and purer alloys may 
be expected. However, the second difficulty often may be 
overlooked and thus lead to fabe conclusions. 

The high-temperature portion of the diagram b based 
on the data of Adcock reported in 1931."* Adcock’s data 
were accepted because of the high purity of hb alloys 
and the techniques he employed. 

The existence of the gamma loop was dbcovered in 

1926 by Bain,"* who abo showed the effect of higher 
carbon contents on enlarging the austenite field. The 
intermetallic compotmd, sigma phase, was dbcovered in 

1927 by Bain and Griffiths."* 

These two regions were extensively studied by other 
investigators and their data differed widely. Thb dif- 
ference was especially marked for the sigma region. 
The most careful investigation, that of Adcock, who used 
the purest alloys of all, failed to detect the phase and 
Adcock came to the conclusion that the phase did not 
exbt. 

However, the evidence of other investigators was 
overwhelmingly in favor of the exbtence of sigma phase. 
In 1936, Jette and Foote,*®* using alloys similar in purity 
to those of Adcock, were able to produce and identify 
sigma phase. Surprbingly enou^ when they used 
treatments simibr to those of Adcock, no sigma phase 
was formed. They concluded that Adcock’s alloys were 
too pure and too well annealed for transformation to 
take place in the time allowed. Finally, the entire matter 
was conclusively settled in 1943 by Cook and Jones*” 
who, using Adcock’s original alloys and longer trans- 
formation times, reported the sigma limit as shown. The 
boundary lines as Aown by Co^ and Jones are based 
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on X-ray data but may still be questioned because 
equibbrium may not have been attained and longer an- 
nealing times may widen the ferrite -f- sigma region. An 
excellent bibliography pertaining to more recent studies 
of sigma phase in stainless steels has been published by 
Smith."® 

The diagram itself shows that as the chromium content 

increases, the austenite region is decreased until, above 
12.5 per ^nt chromiiim, austenite no longer exists. After 
normal heat treatment, alloys above this chromium con- 
tent consist entirely of a single phase— alpha, but as 
shown, sigma phase is stable and will form after long 
times at temperatures as low as 900*’F (480*0 and 
below the upper limit. 

Very little is known quantitatively about the effect of 
impurities upon this diagram. Bain<® has reported on 
the effect of carbon on the austenite region. Andersen 
and Jette‘® reported that silicon increases the sigma 
region. Bain and Abom"> reported that nickel also in- 
creases the sig m a region. Aluminum, molybdenum, ti- 


tanium, and columbium (niobium) probably increase it. 

Iron-Chromium-Nickel System— Like the iron- 
(diroxnium system, the iron-chromium-nickel system is 
known only semi-quantitatively but the existing dia- 
grams are useful for interpretation of what otherwise 
would be mysterious behavior. The investigation of this 
sy^m also has been hampered by slow reaction rates. 

The first investigation of the iron-chromium-nickel 
system was conducted in 190&-1912 by Strauss^ who 
studied the Iron-rich comer. He found that the alloy 
having 20 per cent chromium and 7 per cent nickel con- 
tained free carbide which could be dissolved at 2280* F 
U250* C) and retained in solution at room temperature 
by rapid cooling. He also noted a grain boundary pre- 
cipitation at 1290 •F (700* C). 

The first Comprehensive study was the heretofore 
mentioned investigation of Bain and Griffiths."* These 
tevestigators were the first to report sigma phase and 
raised the upper temperature 

limit of this phase. 
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Bain and Abom**^ made a comprehensive review of the 
iron-chromium-nickel system, which is summarized in 
Figure 47—2. 

The work of the British in this field has been very 
extensive. Figure 47—3 shows an isothermal section at 
1202* F (650* C) based on the data of Rees, Bums and 
Cook.®^ 

Figure 47—4 shows a diagram at constant nickel con- 
tent 

Iron-Chromium-Carbon System— The most complete 
information on the iron-chromium-carbon system has 
been supplied by Tofaute and his co-workers.^* 
Figure 47—5*“* shows a section through the iron- 
chromium-carbon diagram at 0.10 per cent carbon and, 
as may be seen, the diagram is quite complex. The three 
carbide phases shown in this diagram are: 

1. (Fe, Cr)«C — ^iron carbide (cementite) capable of 
dissolving up to 15 per cent chromium. 

2. (Cr, FeliCr— chromium carbide capable of dis- 
solving up to 50 per cent iron. 

3. (Cr, FelaCn — chromium carbide capable of dis- 
solving up to 25 per cent iron. 

An excellent discussion of the various investigations 
which have been made on the iron-chromium-carbon 
alloys is given by Kinzel and Crafts.*** 

MANUFACTURE AND FABRICATION 

For the purpose of general discussion, the stainless 
steels are grouped into three classes: 

1. Martensitic — Those iron-chromium alloys that lie 

within the gamma loop and thus are 
hardenable by heat treatment. Include 
Types 403, 410, 414, 416, 420, 431, 440A, 
440B, 440C, 501 and 502. 

2. Ferritic — Those iron-chromium alloys that are 

largely ferritic and not hardenable by 
heat treatment (ignoring the 885 ® F 
embrittlement). Include Types 405, 
430, 430F and 446. 

3. Austenitic — The iron-chromium-nickel alloys not 

hardenable by heat treatment and pre- 
dominantly austenitic as commercially 
heat treated. Include Types 301, 302, 
302B, 303, 304, 305, 308, 309, 310, 314, 
316, 317, 321 and 347. 

Melting — All of the stainless steels are melted in either 
the electric-arc or high-frequency induction furnace, 
the largest tonnages by far being melted in electric-arc 
furnaces. A description of arc-fumace melting practice 
is contained in earlier chapters. 

Hot Working — General — Before discussing the details 
of any particular process used for the production of 
stainless steel, a few general remarks will be made 
concerning the hot- and cold-working characteristics of 
these materials. These general remarks, describing the 
salient differences in behavior between the carbon steels 
and the stainless steels, will apply to any hot- or cold- 
working operation to which the stainless steels may be 
subjected. 

Unlike the performance characteristic of carbon steels, 
ruptures in the stainless steels do not “hear easily, if at 
all, and more conditioning is necessary; in fact, after 
many of the hot-working operations, the surfaces of the 
resultant product are completely conditioned. All of the 
stainless steels have lower thermal conductivity than the 
carbon and low-alloy steels and, accordingly, precau- 
tions must be taken when heating, or surface burning 
will result. Also, for most of the stainless grades, the 
temperature ranges for optimum hot-working char- 


acteristics are narrower than those for the carbon steels 
and, hence, closer temperature control la necessary when 
hot working the stainless steels. 

For all grades of stainless steel, optimxim hot work- 
ability is obtained when the structure of the steel at 
the hot-working temperature consists essentially of a 
single phase. Small amounts of ferrite in the structure 
of the austenitic and martensitic steels and smaU 
amounts of austenite in the structure of the ferritic 
steels can be tolerated, but must be kept within proper 
limits either by proper adjustment of the chemical 
composition of the steel or by adjustment of the hot- 
working temperature. 

The martensitic stainless steels can be forged, pierced 
and rolled. However, because these steels are air hard- 
ening, they must be annealed after rolling before any 
subsequent operation such as conditioning or cold 
working. Their “as-rolled” hardness also makes for 
brittleness which must be taken into account when 
handling the hot-rolled product. 

The ferritic stainless steels also can be forged, pierced 
and rolled. These steels are very soft when hot, thus they 
are easily marked by guides or rolls, and spread con- 
siderably during hot rolling. Over-heating these grades 
causes excessive grain growth, which makes the material 
susceptible to tears and cracks. Additions of nitrogen 
have helped somewhat in preventing grain growth. To 
refine the grain size, finishing temperatures are kept 
as low as possible. Annealing is necessary for those 
steels which are susceptible to the 885 • F (475 * C) em- 
brittlement. 

The austenitic stainless steels are generally stronger 
than ferritic steels at rolling temperature and, conse- 
quently, require more power for deformation. Like the 
ferritic steels, the austenitic steels are susceptible to 
grain growth and overheating should be avoided. Low 
finishing temperatures are not practicable because of 
the power required. During the heating of these nickel- 
bearing austenitic steels, special precautions are taken 
to keep the sulphur content of the furnace or soaking 
pit atmospheres at a minimum because these steels, 
after being heated in atmospheres containing sulphur, 
tend to tear and crack during rolling. Apparently, the 
sulphur in the atmosphere combines with the nickel in 
the steel to form nickel sulphide. This reaction usually 
occurs at the grain boundaries of the metal and, be- 
cause the nickel sulphide is liquid at the rolling tem- 
peratures, the steels so attacked are weak and easily 
break apart during rolling. The steels which are com- 
pletely austenitic after cooling from the rolling tempera- 
ture to room temperature can be rolled without difficulty. 
The usual precautions, such as slow heating, must be 
observed. On the other hand, those steels such as 18-8 
Mo (Type 316), 18-8 Cb (Type 347), 18-8 Ti (Type 321), 
and 25-12 (Type 309), show poor hot- working charac- 
teristics which are blamed on the presence of delta 
ferrite. The explanation for the poor working charac- 
teristics is that the difference in plasticity between the 
soft ferrite and the tough austenite causes ruptures. 

Table 47—11 lists the forging and annealing tempera- 
ture ranges commonly used for the standai^ stainless 
steels, based on the 1950 AISI Steel Products Manual. 

Cold Working — General — With the exception of the 
high-carbon hardenable steels, all of the stainless steels 
can be cold worked. However, certain precautions must 
be taken. 

The ferritic stainless steels, especially those containing 
over 20 per cent chromium, are extremely notch sensi- 
tive at room temperature and care must be taken to 
avoid notches, o^erwise considerable breakage will 
result However, between 400 •F (205 *C) and 600 •P 
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Table 47-— EL Forginif and Annealing Ttoiperaturee for 
Stainless Steeb* From AISI Steel Products Manual, 
Section 24 (1950). 

Rate 
of Cool 

Initial from 

Type Forging Annealing Annealing 

of Temperature Temperature Tempera- 

Steel Range F) Range F) ture 

801 2100-2300 1850-2050 Rapid 

302 2100-2300 1850-2050 Rapid 

302B 2050-2250 1850-2050 Rapid 

303 2100-2350 1850-2050 Rapid 

304 2100-2300 1850-2050 Rapid 

305 2100-2300 1850-2050 Rapid 

308 2100-2300 1850-2050 Rapid 

309 2050-2250 1900-2050 Rapid 

310 2000-2250 1900-2100 Rapid 

314 1900-2050 2100 Rapid 

316 2100-2300 1850-2050 Rapid 

317 2100-2300 1850-2050 Rapid 

321 2100-2300 1750-1950 Rapid 

347 2100-2300 1850-2050 Rapid 

403 2000-2200 [ 1500-1650 Slow 

(Retarded Cool) i or 

( 1200-1400 

405 1950-2050 1350-1500 

410 2000-2200 f 1500-1650 Slow 

(Retarded Cool) -s or 

[1200-1400 

414 2100-2200 1200-1300 

(Retarded Cool) 

416 2100-2300 f 1500-1650 Slow 

(Retarded Cool) or 

[1200-1400 

420 2000-2200 [1500-1650 Slow 

(Retarded Cool) ^ or 

[1350-1450 

430 1900-2050 1400-1500 

430F 1950-2100 1250-1400 

431 2100-2250 1150-1225 

(Retarded Cool) 

440A 1900-2200 [ 1550-1650 Slow 

(Retarded Cool) *{ or 

[1350-1450 

440B 1900-2150 1 1550-1650 Slow 

(Retarded Cool) or 

[1350-1450 

440C 1900-2100 1 1550-1650 Slow 

(Retarded Cool) or 

[1350-1450 

446 1950-2050 1450-1600 Rapid 

501 2100-2200 [1525-1600 Slow 

(Retarded Cool) ^ or 

[1325-1375 

502 2100-2200 [ 1525-1600 Slow 

•{ or 

[1325-1375 

^Preheating time about twice that required for carbon 
steel. 

(315 * C) the steels are tough, and difficult cold-working 
operations are successfully accomplished by working the 
material in this temperature range. 

Cold work causes some austenitic stainless steels to 
transform partially to a low-carbon martensite. This 
transformation, plus the effect of the strain hardening 
caused by the cold work itself, causes such austenitic 
steels to have a high rate of work hardening. More power 
is required to work these steels. Figure 47—6 shows flow 


diagrams illustrating the various steps involved in the 
manufacture of stainless-steel products. 

The Rolling of Stainless-Steel Ingots to Blooms and 
Slabs— The equipment used for the heating and rolling 
of stainless-steel ingots is the same as that used for 
carbon-steel ingots. However, as previously mentioned, 
close temperature control and avoidance of sulphur con- 
tamination are precautions which should be followed 
when heating the stainless steels. Also, the stainless 
steels require more conditioning than the carbon steels. 
The bloom and slab products are completely condi- 
tioned. 

Rolling of Billets — ^The blooms used for the production 
of billets are also completely conditioned prior to healing 
for rolling. As was true for the rolling of ingots, the 
rolling of stainless- steel blooms to billets is performed 
on the same equipment used for carbon steels and the 
usual precautions of close temperature control and 
avoidance of sulphur contamination are taken. 

After rolling, the air-hardenable martensitic grades 
must be cooled slowly in order to soften the material. 
This practice prevents thermal cracking during subse- 
quent conditioning. 

Rolling of Stainless- Steel Plates— The equipment used 
for the heating and rolling of stainless-steel plates is the 
same as that used for the heating and rolling of carbon- 
steel plates. However, because the austenitic stainless 
steels are very stiff at elevated temperatures, they re- 
quire more power for rolling. Consequently, the amount 
of reduction per pass is smaller for the austenitic grades. 
Also, these steels spread less than do the ordinary steels 
and due allowances are made for this lack of spread in 
order that the resulting plate widths will satisfy dimen- 
sional requirements. 

After rolling, the stainless-steel plates are annealed 
and pickled. As might be expected, the annealing tem- 
peratures employed depend upon the composition of 
the material, and the specific annealing temperatures 
used for the standard AISI grades arc listed in Tabic 
47 — ^11. The pickling procedure used for stainless steel 
varies from plant to plant. One installation consists of a 
10 per cent sulphuric acid bath operated at 140 “ to 160 " F 
(60° to 70 °C) and a 10 per cent nitric acid, 4 per cent 
hydrofluoric acid bath operated at 130° to 150 “F (50° 
to 70° C). The first bath softens and loosens the scale 
but will not remove it completely; the second solution 
will remove the scale loosened by the first solution. 

Most recent of the developments in the pickling of 
stainless steels is the use of molten salts consisting of 
sodium hydroxide to which is added some agent such 
as sodium hydride. These molten-salt descaling proc- 
esses are rapid and efficient and have replaced many 
acid pickling installations. 

After annealing and pickling, the stainless plates have 
what is called a No. 1 (hot-rolled, annealed, and pickled) 
finish and, in this condition, the plates are sheared to 
size, and arc then suitable for shipment. 

Rolling of Stainless-Steel Bars— The billets used for 
the rolling of stainless-steel bars are conditioned as the 
surface requires it. Martensitic steels must not exceed 
275 Brinell hardness prior to conditioning, and if this 
hardness is exceeded, the billet must be annealed before 
swing grinding in order to prevent thermal cracking 
which might occur during the grinding operation or 
during heating for rolling. Prior to heating for rolling, 
the ends of the billets are pointed by a scarfing torch to 
prevent the splitting of the ends of the bar and also to 
decrease slippage when entering the mill. 

During the rolling of the ferritic grades, spread con- 
trol is important and is accomplished by providing a 
billet size slightly less in cross-section than that which 
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Fig. 47—6. Flow sheets indicating general principal steps in the production of stainless-steel products. 


would be used for carbon or alloy steels. This smaller 
size permits lighter initial drafting. 

On delivery from the rolling mill, the austenitic and 
ferritic stainless-steel bars are rapidly (air) cooled, 
while cooling of the martensitic stainless-steel bars is 
deliberately retarded. Sections of the latter two inches 
and over are cooled slowly in covered pits, while those 
under two inches have cooling retarded by packing on 
the hot bed. 

After annealing and pickling, stainless-steel bars are 
straightened on standard equipment and may be shipped 
in this condition or finished by centerless grinding or 
cold drawing. 

Rolling of Stainless-Steel Sheet and Strip — ^In this 
section, the discussion of the rolling of stainless-steel 
sheet and strip will be confined to the continuous 
method by which the largest tonnage of stainless steels 
is produced. However, recognition should be given to 
hand-mill methods which, although being gradually re- 
placed by the continuous method, find importance for 
the production of those grades of stainless steel that are 
difficult to roll and also for the production of small lots 
not conveniently produced by the continuous method. 


Figu'»*e 47 — 6 presents a flow chart indicating typical 
steps in the processing of stainless-steel sheet and strip. 

The slab or billet used for the production of stainless- 
steel sheet or strip is completely conditioned, although 
some progress is being made toward the practice of 
conditioning only those areas containing defects (''spot 
conditioning"). As is true for the other products, 
stainless-steel sheet and strip is rolled on the same 
equipment as that used for carbon-steel sheet and strip. 

Alter rolling and annealing, all of the stainless steels 
are descaled, usually by pickling in acids. For the plain- 
chromium grades of stainless steel containing up to 18 
per cent chromium, the hot-rolled sheet or strip, in coil 
form, is batch annealed at sub-critical temperatures. On 
the other hand, the plain-chromium grades containing 
over 18 per cent chromium, and the austenitic grades, 
are annealed on a continuous unit and quenched from 
the annealing temperature. Often, for the austenitic 
steels, this annealing is performed in an oxidizing atmos- 
phere which, by producing a heavy scale, "bums off” the 
defects and thus reduces the amount of conditioning 
necessary at some later stage. The quenching practice 
used depends upon the thickness of the xnatexiaL For 
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Fig. 47—7. Stainless-steel 
strip entering a contin- 
uous pickling line. 


thick materials, high-pressure water sprays are used, 
but for thin materials, cooling in still air is suiHcient. 
All of the stainless steels are descaled on continuous 
units, usually arranged in tandem with a continuous an- 
nealing imit. 

A typical continuous descaling or pickling installa- 
tion (see Figiure 47 — 7) consists of two 35-foot long tanks 
containing approximately 15 per cent hydrochloric acid 
(HCl) at 160 * F followed by a tank of similar size con- 
Wning about 4 per cent hydrofluoric acid (HF) and 10 
per cent nitric acid (HNO») at 150 ® F to 170 ® F. In some 
installations, electrolytic-pickling facilities using either 
cold sulphiiric acid (HaSO«) or nitric acid (HNO«) are 
substituted for the first two tanks. 

Molten-salt descaling processes are now being used 
commercially. Normally a light acid pickle, usually hot 
nitric acid, follows the descaling treatment. These proc- 
esses provide scale removal on all grades of stainless 
steel without metal loss and result in a smoother siirface 
than is obtainable from acid pickling. The method re- 
quires more heat input than pickling, and care must 
be taken to prevent the introduction of any water. 


After annealing and pickling, the material is inspected 
and the defects removed by grinding or by reannealing 
and repickling. At this stage, the material has what is 
known as a No. 1 or a hot-rolled, annealed and pickled 
finish and, after shearing to the required lengths and 
widths, may be shipped as hot-rolled, annealed and 
pickled sheets. However, in order to obtain lighter 
gages and improvements in surface, grain size and 
mechanical properties, the material is cold rolled in 
coil form. 

Usually, the cold rolling of stainless-steel sheet and 
strip is performed on a reversing mill, although a tan- 
dem mill may be used. Depending upon the final thick- 
ness desired, an intermediate anneal may or may not be 
used. This intermediate anneal and pickle, as well as 
the final anneal and pickle, is performed on a continuous 
imit (see Figures 47 — 8 and 47 — 9). 

After annealing and pickling, the surface of the cold- 
rolled material has what is called a No. 2-D (dull, cold- 
rolled) finish for sheet or a No. 1 cold-rolled finish for 
strip. In this condition, the material either may be 
sheared to desired lengths and shipped, or may remain 



Fu. 47— 8< view of stainless-steel strip annealing and pjgklii^g 
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Fig. 47—9. Close-up view 
of stainless-steel strip 
emerging from one of 
the continuous furnaces 
shown in Figure 47—8. 








in coil form and be subjected to further processing. If a 
brighter finish is desired, the material is rolled on a 
temper mill; the finish resulting from this process is 
called a No. 2-B (bright, cold-rolled) finish for sheet or 
a No. 2 cold-rolled finish for strip. Higher finishes are 
obtained by mechanical polishing. Flattening, or lev- 
eling, is accomplished on standard units used for this 
purpose. 

Of special interest is the work-hardening characteris- 
tic of the austenitic stainless steels which permits these 
grades to be produced to tensile strengths as high as 

200.000 pounds per square inch. The composition best 
suited for the production of these high strengths is AISI 
Type 301 (17 per cent chromium, 7 per cent nickel). 
Usually, this grade is supplied to four standard minimum 
tensile strength levels of 125,000, 150,000, 175,000 and 

185.000 pounds per square inch. Materials having these 
respective tensile strengths are designated commercially 
as having %, and full-hard temper. The amount of 
cold reduction necessary to produce these strengths de- 
pends upon the composition of the material. Generally, 
10 per cent cold reduction is needed for producing Va 
hard, 22 per cent for % hard, 32 per cent for % hard, and 
37 per cent for full-hard material. 

HEAT TREATMENT 

Heat Treatment of Iron-Chromium Stainless Steels— 
Knowing the phase diagrams of the stainless steels, an 
understanding of the philosophy of the commercial 
heat treatments employed for the various grades be- 
comes possible. 

From 5 per cent chromium to 12 per cent chromium, 
using 0.15 per cent carbon as a base, the steels are 
hardenable by the austenite-to-martensite transforma- 
tion, As would be expected from the high chromium 
contents, the hardenability of these steels is good and 
increases with increasing chromium and carbon. 

However, most of the applications for the 5 to 9 per 
cent chromium steels require the metal to be in Ac 
*nost ductile condition, and Ae “softening*^ practice 
employed consists of normalizing and tempering or one 


of the various annealing cycles. Ductility is required 
because Aese steels, before Aey are placed into service, 
are subjected to various cold-fabrication practices. Be- 
cause these steels are air hardening, welding must be 
performed wiA Ae necessary precautions such as pre- 
heating and post-heating. Often in field welding, Aese 
precautions cannot be taken and, when this situation 
is anticipated, stabilization wiA titanium or columbium 
(niobium) may be employed. Titanium and columbium 
form stable carbides and Ae material behaves like a 
low-carbon stainless steel and has lower hardness than 
material wiAout stabilizing elements. Improvements in 
melting practices have led to Ae development of 
cxtremely-low-carbon grades which, Aeoretically, 
should not harden after welding. 

Depending upon the intended application, Ae 12 per 
cent chromium steels are used in Ae fully-hardened and 
tempered as well as Ae annealed conAtion. These 
materials may be eiAer air-cooled or oil-quenched 
from Ae hardening temperature. Oil quenching produces 
slightly higher hardnesses but air cooling is employed 
in order to minimize Ae danger of cracking or warping. 
Figure 47 — 10 shows Ae effect of tempering tempera- 
ture on Ae hardness and tensile properties of hardened 
Type 410 (12 per cent chromium, 0.10 per cent carbon). 
The impact strengA decreases in Ae temperaAre range 
750 ** to 950 * F; also maximum corrosion resistance is 
not obtained in Ae range 1000 ** to 1200 * F, hence, Ae 
range 750 • to 1200 ®F is to be avoided. Heating Ais type 
of steel below 750 •P is commonly called “stress re- 
lieving” while heating above 1200 ®F is called “tem- 
pering.” Annealing is usually accomplished by heating 
above Ae lower critical temperature and slow cooling, 
but abo may be accomplished by sub-critical annealing. 
As is true for the lower chromium steels, Ae 12 per 
cent chromium steels must be welded wiA caution be- 
cause of air-hardening. Unlike Ae lower chromium 
steels, Ae hardenability of Ae 12 per cent chromium 
steels is lowered by small adAtions of aluminum. These 
small amounts of ^uminum (0.3 per cent) are sufficient 
to minimize austenite formation and make Ae steel 
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The effect of tempering for one hour on the hardness and tensile properties of 
hardened Type 410(12% Cr-0.10% C) stainless stecL 


ferritic at all temperatures so that no phase transforma- 
tion, and consequently no hardening, occurs. 

The higher chromium steels (17 per cent chromium, 
high carbon excepted) are completely ferritic. Anneal- 
ing would then seem to be a simple process of heating 
at a recommended temperature for a reasonable time 
and slow cooling. However, two difficulties arise. First, 
the alloys are single phase except for carbide, hence, no 
grain refinement by a phase transformation is possible. 
A large grain size once formed by improper heating 
procedure will be retained on cooling to room tempera- 
ture. Only by cold work and recrystallization can the 
grain size be reduced. The fact that the high-chromium 
steels are inherently notch sensitive mdses the effect 


of grain coarsening even worse. Additions of nitrogen 
have been used to obtain a finer grain size. The nitrogen 
forms small pools of austenite which inhibit grain 
growth. 

The second difficulty is that embrittlement occurs 
when the steels are heated in or slowly cooled through 
the temperature range of 800 * to 1400 ® F. The embrittle- 
ment, which is actually an age-hardening phenomenon, 
is caused by the precipitation of a body-centered cubic 
phase of iron and chromium containing 70 to 80 per 
cent chromium.**^ 

Keeping in mind grain growth and embrittlement, the 
high-chromium steels are anneded by heating in the 
temperature range 1400 * to 1700 * F and cooling rapidly. 



STAINLESS STEELS 


865 


1500 



Fic. 47 — 11. The efTect of carbon on the constitution of stainless steels 
containing 18 per cent chromium and 8 per cent nickel.*"^ 


Iron-Chromium-Nickel Stainless Steels— The aus- 
tenitic stainless steels also are considered to be single 
phase although this belief is erroneous for two reasons. 

First, in ordinary 18-8, austenite is not thermo- 
dynamically stable at room temperature. By the means 
of plastic deformation at or below room temperature, 
meta-stable austenite can be transformed, at least 
partially, to martensite. Furthermore, additions of alu- 
minum and titanium in sufficient quantities cause the 
18-8 steel to transform to a low-carbon martensite with- 
out benefit of cold work. This effect has been used 
advantageously in developing Stainless W, an age- 
hardening ferritic 17 per cent chromium, 7 per cent 
nickel steel.*^^^ 

Second, the carbide phase, unfortunately, cannot be 
ignored. In Figure 47 — 11^“* it will be noted that the 
carbide solubility changes abruptly with temperature. 
Therefore, during slow cooling a carbide precipitation 
occurs and these carbides, rich in chromium, precipitate 
at the grain boundaries. At the temperature where the 
precipitation occurs, chromium diffusion from the matrix 
is not rapid enough to replenish the chromium taken 
out of the immediate vicinity of the carbide and, conse- 
quently, this region is low in chromium. Because chro- 
mium is the element largely responsible for the excellent 
corrosion resistance, the region adjacent to the carbide 
becomes lower in corrosion resistance and the material 
is susceptible to intergranular corrosion. 

The austenitic steels are, therefore, heat treated by 
an anneal at a temperature high enough to effect carbide 
solution but low enough to minimize grain growth, and 
then cooled to room temperature rapidly enough to keep 
the carbides in solution. 

Such a treatment is not always possible, especially 
where these steels are welded in the field, and modifica- 
tions of the austenitic grades have been developed. 
These modified steels contain titanium or columbium 
(niobium) which combine with the carbon and eliminate 
intergranular carbide precipitation and susceptibility to 
intergranular corrosion. Titanium in amoimts of five 
times the carbon and columbium in amounts of ten 
times the carbon are considered to be sufficient, al- 
though the actual amounts necessarily depend upon 
the grain size and composition (other than carbon con- 
tent) of the material (see also **Intergranular Corro- 
sion”) . 


The relationship of these variables to the amount of 
titanium required has been quantitatively evaluated, 
and a suitable formula developed.*^** 

The titanium or columbium grades are sometimes 
given a stabilizing treatment at 1600 ® F to insure com- 
plete chemical combination of carbon with titanium 
or columbium. 

CORROSION RESISTANCE 

As was mentioned previously, the corrosion resistance 
of the stainless steels generally increases with increasing 
chromium content. There has been some speculation as 
to why chromium should impart stainlessness to steel. 
The popular concept is that when sufficient chromium is 
present, a thin, tight, chromium oxide is formed on the 
surface and this oxide prevents any further oxidation 
or corrosion. Environments which are oxidizing in 
nature strengthen this film while reducing environments 
tend to break dovoLthe film and cause the steel to cor- 
rode. 

This theory of passivation by an oxide film now 
has considerable experimental support. Films were first 
stripped by Evans*”* and his co-workers. More recently, 
Rhodin**** and his associates have isolated films to 
determine their structure and chemical composition. 
Rhodin’s results show the films to be “jell-like” sub- 
stances having no well-defined crystalline structure. 
A chemical composition corresponding to the approxi- 
mate formula is: 

4 M»0« * SiO. * nH.O 

where: 

12M 7 Fe + 2 Ni + 3 Cr, n is approximately 9. 

Voluminous data have been published on the cor- 
rosion resistance of specific grades of stainless steel 
in specific environments. The data in the literature 
represent both controlled laboratory tests and actual 
service records. To discuss these corrosion data, the 
subject of corrosion is divided into four separate parts: 
atmospheric, elevated-temperature, intergranular, and 
pitting corrosion. 

Atmospheric Corrosion — ^The most common t 3 rpe of 
corrosion encountered in steel is ordinary rusting. Re- 
cent investigations of the atmospheric corrosion of 
stainless steels have disclosed that ferritic steels above 
12 per cent chromium are partially resistant, and above 
18 per cent chzx>inium are fully resistant to rusting. 
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CHROMIUM, PER CENT. 

Fig. 47—12. The influence of chromium on the atmos- 
pheric corrosion of low-carbon steel/"* 

Figure 47 — ^12*^ shows graphically the effect of chro- 
mium content on the atmospheric corrosion of stainless 
steels. Noteworthy are the breaks in the curve at 3 per 
cent and 12 per cent chromium. Some variations from 
this behavior may be expected in different atmospheres 
and when the metal is in different conditions of heat 
treatment. 

The austenitic steels also are very resistant to atmos- 
pheric corrosion. The results of a series of tests lasting 
over several years were reported in the 1946 Symposium 
sponsored by the American Society for Testing Ma- 
terials. These results indicated that installations of 
18-8 should be cleaned periodically especially in marine 
atmospheres where salt deposits might cause pitting. 
Of course, if the installation is fully exposed to the 
atmosphere, automatic cleaning occurs during rainfall, 
but installations which are fully or partially sheltered 
may be subject to pitting. An 18-8 stainless steel con- 
taining molybdenum was shown to have the best re- 
sistance to conditions of corrosion. 

The effect of surface was also studied and it was 
reported that the smoother the surface, the better the 
corrosion resistance. 

The amount of work whidi has been done on the 
corrosion of stainless steels in various reagents is 
voluminous but, unfortunately, the data never have been 
properly organised. The effect of chromium on the re- 
sistance of steel to corrosion by these various reagents 
is similar to its effect on the resistance to atmospheric 
corrosion, although nickel and molybdenum enhance 
the resistance to corrosion by certain chemicals. 

Elevated-Temperature Corrosion— Corrosion at ele- 
vated temperatures is usually one of three types: oxida- 
tion, carburization, and sulphidation. 

As was true for atmospheric corrosion, the resistance 
of the stainless steels to oxidation is primarily a fimction 
of the chromium content This effect of chromium on 
oxidation resistance is discussed in Chapter 48, entitled 
'^Steels for Elevated-Temperatiu^ Service.” 

The chromium content also determines the rate of 
carburization. In general, ferritic steels are more re- 
sistant to carburization than austenitic steels. Addition 
of 2 per cent silicon improves resistance of 18-8 and 
25-20 to carburization, but the effect of titanium, colum- 
bium (niobium) and molybdenum is negligible. 

Usually, carburization rates are not appreciable below 


1500 ^ F in steels containing 18 per cent or more chro- 
mium. However, under special conditions, especially 
cyclic oxidation and carburization, 18-8 has been known 
to carburize at 1400 ® F. 

The austenitic stainless steels, because of their nickel 
content, are susceptible to attack by reducing sulphurous 
gases, notably hydrogen sulphide. The ferritic stainless 
steels are more resistant. 

Oxidizing sulphurous gases slightly increase the cor- 
rosion of the austenitic and the ferritic stainless steels. 

These three types of elevated-temperature attack are 
very important but too often neglected when recom- 
mending materials. In many installations, elevated- 
temperature corrosion by oxygen, carbon, or sulphur 
causes more failures than stresses. Consequently, many 
of the steels such as 18-8, although possessing adequate 
strength, will not meet service requirements because of 
excessive oxidizing, carburizing or sulphidizing condi- 
tions. 

Intergranular Corrosion — ^Bain, Abom, and Ruther- 
ford**** have ascribed intergranular corrosion to chro- 
mium impoverishment at the grain boundaries, caused 
by the grain boundary precipitation of chromium-rich 
carbides. There are two possible remedies for this dif- 
ficulty. First, the carbon may be immunized, either by 
precipitating the carbide at a temperature where chro- 
mium diffusion will be rapid enough to restore passivity 
to the grain-boundary area, or by forming a stable 
carbide of some element other than chromium. Second, 
the steel may be made with less than 0.03 per cent 
carbon. 

Probably the first method to be used commercially 
was that of forming a stable carbide of some element 
other than chromium. Bain, Rutherford and Abom sug- 
gested the addition of titanium in amoimts of four to 
five times the carbon content. By heating the titanium- 
bearing 18-8 at 1600 ® F, they obtained the complete 
fixing of carbon by titanium to form titanium carbide, 
and the steel was said to be stabilized. Concurrent with 
this development, the Union Carbide and Carbon Cor- 
poration developed a columbium-bearing (niobium- 
bearing) steel having a columbium content of eight 
times the carbon content. The columbium, like titanium, 
formed a stable carbide and thus prevented the for- 
mation of chromixun carbide at elevated temperatures. 

During World War II, United States Steel Corporation 
developed a method for producing 188 and 188 con- 
taining molybdenum, both containing 0.03 per cent 
maximum carbon. These *'new” steels are more resistant 
to carbide precipitation and the resultant susceptibility 
to intergranular corrosion than regular grades of these 
steels, because of their lower carbon contents. These 
new grades, designated as Types 304L and 316L have 
been accepted commercially as replacements for the 
columbium- and titanium-bearing grades for service 
at temperatures below about 800* F. 

Pitting Corrosion— Pitting usually occurs diuring con- 
tinuous exposure to relatively-weak corroding media, 
such as chlorides, to which the steels are otherwise 
substantially resistant. Very little is known about the 
cause of this type of corrosion except that it probably 
occtxrs in certain vulnerable spots where the passivity 
is continuously destroyed. Pitting manifests itself by 
small holes distributed at random over the surface of the 
steel, or it may develop at points where the steel is in 
contact with other materials, such as leather, glass, 
and grease. The formation of an electrolytic cell may be 
the cause. The mechanism probably involves a lack of 
oxygen on the surface of the metal that is corroded. 

Pitting may be inhibited somewhat by treating the 
environments with some strong oxidizing agents such 



Table 47 — ^IIL Representative Mechanical Properties of Some Grades of Stainless Steel* 



^Ranges from individual data in American Iron and Steel Institute “Steel Products Manual, Section No. 24” (1950). 
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as some chromates or phosphates. Molybdenum addi- 
tions to 18-8 also inhibit pitting. 

MECHANICAL PROPERTIES 

Low-Temperature Properties— At extremely low tem- 
peratures, the ferritic and martensitic steels are quite 
brittle, having impact strengths on the order of one 
foot pound. However, the austenitic stainless steels have 
impact strengths above 15 foot potmds at minus 320 ** F 
and are the best materials for use at the extremely low 
temperatures. 

Room-Temperature Properties — ^The range of room- 
temperature mechanical properties of each grade of 
stainless steel is given in the AISI Steel Products Man- 
ual.*'^ Table 47— III shows typical properties of Type 
301 (18-8), Type 410 (12 per cent chromium), and Type 
430 (17 per cent chromium). 

As was mentioned, the martensitic grades are harden- 
able, and by proper selection of composition and heat 
treatment, their tensile properties can be made similar 
to those of the low-alloy steels. Ductility values and 
impact strengths are somewhat inferior to those of the 
low-alloy steels. 

The ferritic grades cannot be hardened to any extent 
by heat treatment, although the 885 * F embrittlement 
involves hardening. Table 47— III shows typical prop- 
erties of 17 per cent chromium, Type 430. These steels 
are extremely notch sensitive. The notch sensitivity, or 
rather the transition temperature from brittle to ductile 
behavior, increases with chromium content, the 27 per 
cent chromium steel having a Charpy impact strength 
of only two foot pounds at room temperature. This notch 
sensitivity is undesirable, and when fabricating these 
steels, special precautions must be taken. Because of the 
notch sensitivity, aggravated by large grain size and 
885 ® F embrittlement, both of which may result from 
welding, the ferritic steels have not found as wide usage 
at room temperatures as have the austenitic steels. 
However, the ferritic steels have as good corrosion re- 
sistance as the austenitic steels, and, if it were not for 
the disadvantage in ductility, they would be used almost 
as much as the more expensive austenitic steels. 

The austenitic steels are not hardenable by heat 
treatment but they can be hardened by cold work which 
for some grades transforms the austenite (metastable at 
room temperature) to a low-carbon martensite. This 
transformation hardening by cold work is additive to the 


strain hardening and the result is that an extremely wide 
range of texisile properties may be produced. As an ex- 
ample, Table 47— III shows typical properties of Type 
301 (17-7). As would be expected, the degree of hard- 
ening obtained by cold work is a function of the com- 
position, and extensive investigations have been made on 
the effect of various elements on the work hardenability 
of 17-7.«« 

The disadvantage of the austenitic stainless steels is 
that the work hardening is confined to those shapes 
which can be rolled (cold worked). For example, an 
article such as a valve cannot be hardened economically 
by cold working. This disadvantage was overcome by 
the development of an age-hardening stainless steel 
designated as Stainless 

Stainless W is essentially a 17 per cent chromium, 7 
per cent nickel steel containing titanium and aluminum. 
As would be expected, this is an “unbalanced’’ composi- 
tion. At high temperature, its structure consists of aus- 
tenite and delta ferrite. On cooling, the austenite trans- 
forms at about 200 ® F (93 ’ C) to low-carbon martensite, 
so that the room-temperature structure of this alloy con- 
sists of martensite plus delta ferrite and some retained 
austenite. The age hardening occurs in the martensite 
and in the ferrite but not in the austenite. Aging is ac> 
complished by heating in the temperature range 900 ® 
to 1050 ® F. Table 47 — IV shows the typical properties of 
Stainless W in the annealed and aged conditions. 

Elevated-Temperature Properties — ^In Figure 47 — 13 is 
shown the creep strength of many of the commercial 
stainless steels, compared with that of carbon steel. Note 
that the austenitic stainless steels have higher strength 
than the ferritic stainless steels and that additions of 
chromium and silicon have little effect on the creep 
strength. On the other hand, the effect of molybdenum, 
columbium (niobium), and tungsten are marked. This 
phase of the subject is discussed in detail in Chapter 48. 

APPLICATIONS 

Martensitic Grades — ^The most widely used of the mar- 
tensitic grades is Type 410 containing under 0.15 per cent 
carbon and 11.50 to 13.50 per cent chromium. In the 
annealed condition, this grade may be drawn or formed. 
As it is an air-hardening steel, a wide range of mechan- 
ical properties may be obtained by heat treatment. In 
sheet or strip form, Type 410 is used extensively in the 
oil industry for bubble trays, bubble caps and liners. 


Table 47 — ^IV. Typical Ranges of Mechanical Properties of Stainless W, as Solution Annealed and as Aged at the 

Temperatures Indicated 


Item 

No. 


Yield 

Strength 

0.2% 

Offset 
(1000 Lb. 
per 

Sq. In.) 

Tensile 

* Elongation 
(% in 2 In.) 


Treatment 

Strength 
(1000 Lb. 
per 

Sq. In.) 

% In. 
and 

Less 

Over 
% In. 

Rockwell 
Hardness 
“C“ Scale 

1 

Solution Annealed at 1850 to 
1950 • F, Air Cooled. 

75-115 

120-150 

8-14 

10-15 

22-28 

2 

No. 1 plus Aged at 950 • F, 
% hour, Air Cooled. 

180-210 

195-225 

8-14 

10-15 

38-47 

3 

No. 1 plus Aged at 1000 •F, 
% hour. Air Cooled. 

170-210 

190-220 

8-14 

10-15 

38-46 

4 

No. 1 plus Aged at 1050 •F, 
^ hour, Air Cooled. 

150-185 

1 

170-210 

8-15 

10-16 

35-43 


* For thicknesses of plates and bars indicated. 
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It is also used for furnace parts where the operating 
temperature is not over 1200 ® F and for blades and 
buckets in steam turbines. Type 420, with about 0.35 per 
cent carbon and resultant greater hardness, is used for 
cutlery. In bar form it is used for valves, valve stems, 
valve seats, and shafting where resistance to corrosion 
and wear are needed. Type 440 may be employed for 
such applications as surgical instruments, especially 
those requiring a durable cutting edge. The necewa^ 
hardness for different applications can be obtained by 
selecting Grade A, B, or C, which have increasingly 
8**eater carbon contents, in that order. 


Types 410 and 420 are usually not used for welding 
applications because of their hardening characteristics. 
However, as mentioned previously, the addition of 0.1 
to 0.3 per cent aluminxim to Type 410 decreases its hard- 
ening tendency and makes it easier to weld. 

Other martensitic grades are Types 501 and 502, the 
former having carbon over 0.10 per cent and the latter 
having under 0.10 per cent carbon, but both containing 
4 to 6 per cent chromium. These grades are also air- 
hardening, but do not have the corrosion-resisting prop- 
erties of 3ie 12 per cent chromium grades. These grades 
have wide application in the oil industry for such uses 
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as hot-oil lines, bubble towers, valves, plates, and so on. 

Ferritic Grades — The most common and widely used 
of the ferritic grades is Type 430 containing 0.12 per cent 
carbon or under and 14 to 18 per cent chromium. The 
higher chromium content of Type 430 makes its cor- 
rosion resistance superior to that of the martensitic 
grades and, in addition, this material may be drawn, 
formed and, with proper techniques, welded. It is widely 
used for automotive and architectural trim. Its resistance 
to nitric acid makes it useful in the manufacture and 
handling of this acid. Type 430 does not have a high creep 
strength, but it is suitable for some types of service up 
to 1500 ® F and thus finds application for such parts as 
combustion chambers for domestic heating furnaces. 

The high chromium content of Type 446 (23 to 27 
per cent chromium) gives this grade excellent heat- 
resistant characteristics although its elevated -tempera- 
ture strength is only slightly better than that of carbon 
steel. Type 446 is used in sheet or strip form at tempera- 
tures up to 2100 ® F. This grade does not have the good 
drawing characteristics of Type 430, but it may be 
formed. Accordingly, it is used widely for furnace parts 
such as muffles, burner sleeves and annealing baskets. 
Its resistance to nitric and sulphuric acids makes 
it suitable for much chemical-processing equipment, 
and tubular products of Type 446 were widely used 
during World War II by the synthetic-rubber industry 
for the processing of butane. 

Austenitic Grades — ^Thc basic and most widely used 
grade of the austenitic types is “18-8” — ^Type 302, with 

0.15 per cent maximum carbon, 8 to 10 per cent nickel 
and 17 to 19 per cent chromium. It has excellent corro- 
sion resistance and, because of its austenitic structure, 
possesses very good ductility. It may be deep drawn 
and can be very severely formed. It can be welded 
readily, but, as described in the general section on iron- 
chromium-nickel alloys, the heat of welding may cause 
carbides to precipitate in the weld and in the metal 
adjacent to the weld if a sufficiently rapid rate of cooling 
is not obtained, thus rendering these zones susceptible 
to intergranular corrosion. This may be corrected by 
annealing the welded part above 1900 ® F to redissolvc 
the carbides, followed by rapid cooling to retain them 
in solution. Where such a treatment is not feasible, Types 
321, 347, or 18-8 with 0.03 per cent maximum carbon may 
be used. 

The applications of Type 302 are wide and varied, 
including kitchen equipment and utensils; dairy instal- 
lations; transportation equipment; oil-, chemical-, 
paper- and food-processing machinery. 

Tsrpe 301 contains a maximum of 0.15 per cent carbon, 
6 to 8 per cent nickel and 16 to 18 per cent chromium. 
Its lower nickel content causes it to work harden more 
rapidly than Type 302 (18-8) because of reduced aus- 
tenite stability. Accordingly, it does not have quite as 
good drawing properties as Type 302, but for the same 
reason, this grade (Type 301) can be cold rolled to very 
high strength levels for use in applications where a high 
strength-to-weight ratio is desired. 

Type 304 is a companion grade to Types 301 and 302. 
Its carbon content is somewhat lower, 0.08 per cent 
maximum, and it has a slightly higher chromium con- 
tent, 18 to 20 per cent. Because of its lower carbon 
content it is not so prone to give trouble after welding 
due to carbide precipitation and resultant corrosion. In 
addition, the soniewhat higher chromium content makes 
it slightly more resistant to general corrosion. It is well 
suited for those applications which require resistance to 
severe forms of corrosion such as are encountered in the 
paper and diemical industries. The austenitic grades 
have good elevated-temperature strength and these 


grades are widely used for elevated-temperature service. 
Types 321 and 347, with carbide-forming additions of 
titanium and columbiiun (niobium), respectively, are 
widely used in those applications involving welding and 
where high-temperature service under corrosive con- 
ditions is required. Type 304L, the 0.03 per cent maxi- 
mum carbon grade, may be used as an alternative for 
Types 321 and 347 in those applications involving weld- 
ing and stress relieving for service below about 800 “ F. 

The addition of 2 to 4 per cent molybdenum to the 
basic 18-8 composition produces Types 316 and 317 which 
have improved corrosion resistance. These grades are 
used in applications in the textile, paper and chemical 
industries where strong sulphates, chlorides and phos- 
phates and such reducing acids as sulphuric, sulphurous, 
acetic and hydrochloric acids are used in such concen- 
trations as to make the use of a more highly corrosion - 
resistant alloy mandatory. T 3 q)es 316 and 317 have the 
highest creep and rupture strengths of the commercial 
stainless steels. 

The austenitic stainless grades most resistant to oxida- 
tion are Types 309 (22 to 24 per cent chromium, 12 to 15 
per cent nickel) and Type 310 (24 to 26 per cent chro- 
mium, 19 to 22 per cent nickel). Because of their high 
nickel and chromium contents these steels resist scaling 
at temperatures up to 2000 and 2100 ® F and, conse- 
quently, are ideal for furnace parts and heat exchangers. 
They are somewhat harder and not as ductile as the 18-8 
types, but they may be drawn and formed. They can be 
readily welded and are finding increasing use in the 
manufacture of jet-propulsion motors and industrial- 
furnace equipment. 

For applications requiring good machinability, T 3 q)e 
303 containing sulphur or selenium may be used. 

SUMMARY 

The stainless steels are alloys of iron and chromium or 
iron, chromium, and nickel, although occasionally small 
amounts of certain other elements are added in order 
to enhance corrosion resistance and mechanical prop- 
erties or to immunize the steels to the action of certain 
harmful impurities. The inherently slow reaction rates 
of the stainless steels have hampered the establishment 
of precise equilibrium diagrams; however, the diagrams 
now in existence permit at least qualitative conclusions 
to be drawn regarding the structure of these steels. In 
regard to corrosion resistance, the chromium content 
seems to be the controlling variable and the effect of 
chromium may be enhanced by additions of molybde- 
num, nickel, and other elements. The mechanical prop- 
erties of the stainless steels, like those of the plain carbon 
and lower alloy steels, are functions of the struc- 
ture and composition of the material. Thus, the austenitic 
steels possess the best impact properties at low tempera- 
tures and the best strength at elevated temperatures 
while the martensitic steels possess the highest hard- 
ness at room temperature. Therefore, the stainless 
steels, by being available in a variety of structures, ex- 
hibit a range of mechanical properties which, combined 
with their excellent corrosion resistance, makes these 
steels highly versatile from the standpoint of design. 
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Chapter 48 

STEELS FOR ELEVATED-TEMPERATURE SERVICE 


SECTION 1 

CLASSES OP STEEL 

The designation “elevated-temperature service” is an Rupture Testing” in Chapter 49.) In spite of the fact 

inclusive one, involving many operations and industries, that plain carbon steel has the lowest strength, it is 

Examples of equipment operated at high temperatures widely used for elevated-temperature applications up to 

are steam and mercury boilers and turbines, gas tur- 1000 ® F, where scaling commences and a chromium - 

bines, stills for cracking petroleum, tar stills, vessels bearing steel must be employed. Low-alloy steels, con- 
fer hydrogenating oils, heat-treating furnaces, and fit- taining small amounts of chromium and molybdenum, 

tings for Diesel and internal-combustion engines. Jet- have higher creep strength than carbon steel and are 

propelled planes and guided missiles powered by gas employed where material with higher strength is 

turbines or rocket motors are introducing new require- needed. Above 1000 ® F, the amount of chromium re- 

ments for metals with even greater strength at elevated quired for scaling resistance increases rapidly. The 5 per 

temperature, and are increasing the complexity of prob- cent chromium steels, with added molybdenum, are 

lems in high-temperature design, both in the motors useful up to 1150 ®F, and steels containing 10 to 14 

and in the fuselage. Valve steels, hot- working die steels, per cent chromium may be employed up to 1250 * F. 

and high-speed tool steels are also used at elevated Above this temperature, the austenitic 18 per cent 

temperature, but these form special categories and are chromium, 8 per cent nickel stainless steels are used 

discussed elsewhere in this book. customarily, and their scaling resistance is considered 

The steels under consideration in this section are those adequate up to 1600 ® F. For service in the temperature 

in commercial use in large tonnages for construction range between 1600 ® and 2000 ® F, steels containing 25 

of equipment to operate under stress at elevated temper- per cent chromium and 12 per cent nickel, 25 per cent 

ature, where creep is involved. (Creep and creep testing chromium and 20 per cent nickel, or 27 per cent chro- 

are discussed in detail in the section on “Creep and mium are used. 

SECTION 2 

FACTORS AFFECTING HIGH-TEMPERATURE PROPERTIES 

Composition and Temperature— The creep strength of the lattice structure, nickel is very beneficial, and nitro- 

plain carbon steel can be greatly improved by the addi- gen may act in a similar manner, 
tion of alloying elements. It has been found that creep The effect of the alloying additions on creep strength 
strength may be increased by use of those elements such is summarized in Figure 48—3, which shows the decrease 

as molybdenum which increase the recrystallization of strength with increase of temperature. For the sake of 

temperature and form stable carbides or intermetallic simplicity and comparison, this chart is based on average 

compounds. The effect of molybdeniim is shown in Fig- properties, but actually the strength of any particular 

ure 48 — 1 and the effect of chromium is shown in Figure steel at a given temperature comprises a range rather 

48—2. Small additions of chromium do not appear to than a single value. Ihe spread of the data is due partly 

improve the creep strength of plain molybdenum steels to the fact that all steels are purchased under specifica- 

and higher additions actually decrease the strength, tions which permit some latitude in composition, and 

However, above 1000 ^ F, chromium is needed for surface partly to the other causes such as variation of heat treat- 

protection. ment apd manufacturing practice to be discussed in 

Carbon itself Is beneficial in amounts to about 0.15 or detail below. 

0.20 per cent; above this amount, increase of the carbon Heat Treatment (Microstructure)— The strength of 
content results in decrease of creep strength. Tungsten steel at elevated temperatures is profoundly affected by 

and vanadium act in a manner similar to molybdenum its microstructure, and hence by the heat treatment em- 

and are quite useful in improving high-temperature ployed for the material. Carbon and molybdenum steels 

strength although they are not as widely used in this are used in the as-rolled, normalized, or annealed condi- 

country. Titanium and columbium (niobium) are mod- tion, while the air-hardening chromium -molybdenum 

erately beneficial and a slight increase in phosphorus steels are normalized and tempered or annealed. Steels 

has been foimd desirable. The influence of manganese, for bolts are quenched and tempered. Stainless steels are 

nickel, copper and silicon is mild, and aluminum de- annealed or annealed and stabilized. Steels are pur- 

creases creep strength. It has been found that the face- chased to speciRcations having room-temperature me- 

centered cubic structure of austenite is more creep re- chanical strength and hardness requirements. Since 

sistant than the body-centered cubic structure of ferrite, these properties may be produced by several of the 

and the austenitic chromium-nickel steels have excellent above heat treatments, few of the various types of steel 

creep strength; i.e., when used as a means of changing are used in only one condition of heat treatment, ac- 
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1 * 10 . 48 1. Eflect of molybdenum content on creep strength 
(stress per creep rate of 1 per cent per 10,000 hours) of 
molybdenum steel at 1000 ® F. 


counting for much of the spread in the high-temperature 
data. It should be borne in mind that specifications do 
not contain requirements concerning the properties of 
the steels at elevated temperature. 

The effect of heat treatment on the creep strength of 
molybdenum steel was clearly shown by Weaver. In 
creep tests at 1000 " F, he found that the stress to produce 
a creep rate of 1 per cent per 10,000 hours varied from 
20,000 to 4,500 lb. per sq. in., depending upon whether 
the structure was pearlitic or spheroidized. 

The temperature at which the steel is used in service 
may serve as a heat-treating temperature and bring 
about internal changes in the material which will cause 
a change of its properties. Sometimes the strength and 
hardness are found to increase, at least temporarily, but 
more often the lack of structural stability causes a pro- 
gressive loss of strength. There are several forms in 
which structural instability makes itself manifest, such 
as spheroidization, graphitization, precipitation harden- 
ing or aging embrittlement, and carbide precipitation. 
These will be discussed in the section entitled “Behavior 
of Steels at Elevated Temperature.” 


Grain Size — It has been found that the creep strength 
is increased somewhat by a coarsening of the grain size. 
It is not possible to coarsen the grains unduly without 
injuring other properties such as impact strength, but a 
grain size of 2-5 instead of the customary 6-8 has been 
found to be beneficial. 

Cold Working— The long-time creep strength of cold- 
worked material will generally be lower than that of 
annealed material free from strain hardening. However, 
for short time periods of a few hours up to several hun- 
dred hours at moderately elevated temperatures, the 
strengthening effect of cold working may persist long 
enough to be useful in certain short-time applications. 

Manufacturing Practice— The creep behavior of a 
material is a very sensitive index of its strength and is 
strongly affected by differences in chemical composition 
and microstructure. However, even for materials of sim- 
ilar composition and microstructure, the creep strength 
is not always the same, but is affected by the method by 
which the steel is manufactured. For example, pearlitic 
carbon steel under a stress of 15,000 lb. per sq. in. at 
850 * F shows a thousandfold difference in creep rate de- 



CHROMIUM CONTENT, PER CENT 

Fic. 48—2. Effect of chromium content on creep strength (stress 
for creep rate of 1 per cent per 10,000 hours) in chromium- 
molybdenum steel at 1000 •P. 
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TEMPERATURE, •F 


Fig. 48 — 3. Creep strength (stress for creep rate of 1 per cent per 
10,000 hours) of various steels at temperatures between 800® 
and 1400 ® F. 



TEMPERATURE, •F 


Fic. 48—4. Creep strength (stress for creep rate of 1 per cent per 
10.000 hours) of carbon steel at temperatures between 800 * and 
1300 •F. 
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pending upon the manner in which it was manufactured. 
The variation of the available data on the creep 

strength of carbon steel is shown in Figure 48 4 At 

1000 T, for example, the creep strength varies from 

2.000 to 7,000 lb. per sq. in., and at 800 " F from about 

12.000 to 27,000 lb. per sq. in. Part of this variaUon in 
strength is, of course, due to variation in grain size and 
microstructure. However, the method of deoxidation 
has been found to have an important effect on the creep 
strength. For example, molybdenum steels deoxidized 
with % lb. and lbs. of aluminum per ton were tested 


for creep strength at 850^ and 1000* F. The steels were 
heat treated to produce identical grain size and micro- 
structures, eliminating these variables. It was found that 
at 1000 ** F, the low-aluminum steel was more creep re- 
sistant than the high-aluminum steel, indicating that the 
aluminum content itself affected the behavior of these 
materials. The same behavior has been noted in carbon 
steels. 

Electric-furnace steels have been reported to have a 
higher creep strength than open-hearth steels of the 
same type. 


SECTION 3 

BEHAVIOR OF STEELS AT ELEVATED TEMPERATURE 


A INTERNAL STABIUTY 

Carbide Instability— Steels in service at elevated tem- 
perature do not usually show any significant change of 
grain size or shape, but both visible and invisible changes 
may occur within the grains. Visible changes within the 
grains may be classified as formation of new phases, 
spheroidization and migration of carbides and nitrides, 
and graphitization. 

In carbon and molybdenum steels, spheroidization 
occurs at temperatxires above 1000 * F; as shown in Fig- 
ure 48—5, graphitization, particularly in fine-grained 
aluminum-killed steel, may also occur. The addition of 
chromium tends to stabilize the carbides, thus lessening 
or eliminating graphitization and delaying spheroidiza- 
tion. The relative stability of 24 steels at 900*, 1000*, 
and 1100 * F, is shown in Table 48—1. 

A form of carbide instability occurs in the austenitic 
chromium-nickel steels in the temperature range be- 
tween 800 * and 1600 * F. In this temperature range, 
chromium carbides form and precipitate at the grain 
boundaries, depleting these regions in chromium and 
hence lowering the resistance of the grain boundaries to 
corrosion. This form of carbide precipitation has not 
been found to lower the tensile, creep or impact strength 
of the material, which has been successfully used for 
oil-cracking still tubes in this temperature range. Elim- 
ination of the carbide precipitation is accomplished by 
lowering the carbon content below 0.02 per cent or 


alloying with such carbide stabilizers as titanium or 
columbium (niobium). 

Aging — Aging or precipitation hardening as a heat- 
treating process may be utilized to increase the strength 
of metals at elevated temperature providing that the 
material is used below the temperature at which over- 
aging would occur during life of the part. For example, 
in age-hardened Stainless W, an alloy containing 17 per 
cent chromium, 7 per cent nickel with added titanium, 
relaxation measurements show that, while some soften- 
ing occurs in about a week at 800 * F, very little softening 
occurs in the same length of time at 600 * F. Below this 
temperature, therefore, it should be possible to utilize 
the strengthening produced by the precipitation hard- 
ening. 

Aging can, of course, occtu: during service and may 
result in embrittlement of the material. In carbon steels, 
it has been foimd that aging occurring at temperatures 
between 400 * and 600 * F is more pronounced in Besse- 
mer steels than in those made in the open hearth, and 
that it is greater the less thorough the deoxidation or 
killing of the material. The aging tendency is lessened 
by addition of titanium and aluminum. If this aging or 
precipitation hardening resulted only in an increase of 
strength, no harm would result. However, as the strength 
increases, the ductility decreases, particularly as meas- 
ured by the notched-bar impact test after straining. The 
sensitivity to strain -aging is lessened by normalizing and 
by thorough deoxidation of the steel. 



Fia. 48—5. (Left) Spheroidized annealed molybdenum steeL (Right) Same steel exhibiting graphitization after heating 
at UOO* F for 1000 hours. Magnification (both photomicrographs): lOOOX. 
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Table 48—1. Relative Change of Microstnicture* of 
Alloys During 3000 Hours at 900*, 1000*, and 1100* F. 


Nominal 

Composition 

Heat 

Treatment* * 

Change in Structure! in 
3000 Hours at 

900® F 

1000 ®F 

1100 »F 

C-0.5MO 

1650 AC 

I 

m 

III 

C-0.5MO 

1650 AC, 

1300 AC 

0 

II 

III 

C-1 Mo 

1650 AC 

0 

m 

— 

C-lMo 

1650 AC, 
1300 AC 

0 

n 

— 

C-1.5MO 

1650 AC 

0 

in 

— 

C-1.5MO 

1650 AC, 
1300 AC 


II 

— 

C-2Mo 

1650 AC 

0 

III 

— 

C-2Mo 

1650 AC, 
1300 AC 


II 


C-Mo-Mn 

1650 AC, 
1300 AC 

0 

II 


2Cr-0.5Mo 

1650 AC, 
1380 FC 

— 

I 

‘ — 

2.25Cr-lMo 

1650 AC, 
1380 FC 


0 

II 

2.25Cr-lMo 

1650 FC 

— 

I 

— 

1.2 Cr-0.5 
Mo-0.7 Si 

1650 AC, 
1380 FC 


0 

II 

1.7 Cr-0.7 
Mo-0.7 Si 

1750 AC, 
1375 FC 


I 

— 

3 Cr-0.5 

1600 FC 

— 

0 

0 

Mo-1.5 Si 





3 Cr-Mo- 

1550 AC 

— 

0 

0 

Si-Al 





5 Cr-0.5 Mo 

1600 FC 

— 

1 ® 

0 

5 Cr-0.5 Mo 

1600 AC, 
1380 AC 

— 

1 0 

I 

5Cr-lMo 

1650 AC, 
1380 AC 

— 

0 

I 

5 Cr-1 Mo 

1650 FC 

— 

0 

— 

5 Cr-0.5 

1600 FC 

— 

0 

0 

Mo-1.5 Si 





5Cr-Mo- 

1550 AC 

— 

0 

0 

Si-Al 





5 Cr-Mo-Ti 

1380 AC 

— 

I 

— 

5 Cr-Mo-Ti 

1850 AC 

— 

0 

— 

5 Cr-Mo-Cb 

1380 AC 

— 

I 

— 

5 Cr-Mo-Cb 

1850 AC 

— 

0 

— 

5 Cr-Mo- 
Si-Cb 

1750 AC, 
1380 FC 


0 


8 Cr-1 Mo 

1700 FC 


0 

0 

8 Cr-1 

1700 FC 

— 

0 

0 

Mo-Cb 





9 Cr-1 Mo 

1700 FC 


0 

0 

18-8 

1900 WQ 




II 

18-8 Ti 

1900 AC 

— 

— 

I 

18-8 Ti 

1900 AC, 
1600 AC 

— 

— 

0 

18-8 Cb 

1900 AC 

— 

— 

I 

18-8 Cb 

1900 AC, 
1600 AC 



I 


•It may be assumed that steels lowing a change of micro- 
structure at 1000* F would do so at a higher temperature, 
and that steels which remained imchanged at 1000 or 
1100* F would do likewise at a lower temperature. 

•♦AC = Air Cool PC = Furnace Cool WQ = Water Quench 
to —no change. 11 —moderate change* 

I — elight d^mge. m— marked change. 


Temper Brittleness — Steels with even moderate 
amounts of chromium or manganese, and such steels 
plus nickel, are likely to become brittle if cooled slowly 
from the tempering operation after quenching— hence 
the name, “temper brittleness.” Steels with 1 to 2 per 
cent manganese, and even plain 3 to 5 per cent nickel 
steels, may show it. The addition of 0.30 to 0.50 per cent 
Mo lessens or prevents the embrittlement. The higher 
the nickel and chromium content, the greater the amount 
of molybdenum required to increase freedom from em- 
brittlement, and an increase in the nickel content de- 
creases the resistance to embrittlement of steels 
containing chromium and molybdenum. The brittleness 
resulting from heating at about 840 * F can be elimi- 
nated by heating to between 930* and 1110 *F. Em- 
brittlement can occur under no load, but stress has 
been found to accelerate the embrittlement. 

Temper brittleness is found in bolts, studs, and other 
quenched and tempered parts used in high-temperature 
steam lines at temperatures in the vicinity of 800 to 
900 *F. The embrittled material may retain its full 
original toughness at the service temperature, and yet 
be brittle to a notch test at room temperature. The 
fimdamental cause of the embrittlement is not known, 
but is thought to be due to some form of precipitation 
hardening. There is no measurable difference between 
the tough and the embrittled forms of the steel observ- 
able in tensile, bend or fatigue tests, provided that the 
test pieces are not notched. Vanadium has also been 
found to minimize the effect of this embrittlement, and 
chromium-molybdenum or chromium-manganese- 
vanadium steels have been widely adopted for heat- 
treated fastener applications. 

Embrittlement of Ferritic Chromium Steels — ^Plain 
chromium steels containing more than 12 to 15 per cent 
chromium have been found to become embrittled during 
prolonged heating in the vicinity of 900 * F. This em- 
brittlement is due to the formation or precipitation of a 
body-centered-cubic iron-chromixxm compound con- 
taining 70 to 80 per cent chromium. The embrittlement 
during heating at higher temperatures (1120 * to 1470 * F) 
is due to the precipitation of the sigma phase, an iron- 
chromium compound, FeCr. The ductility and impact 
properties of alloys containing over 20 per cent chro- 
mium may be seriously impaired even by slow cooling 
in the range 1100* to 700* F. 

B. EXTERNAL OR SURFACE STABILITY 

Scaling and Corrosion Resistance->-The property of 
surface stability or corrosion resistance is considered to 
be of primary importance, since the metal must not 
deteriorate excessively during service at elevated tem- 
perature. One of the simplest forms of corrosion, and one 
frequently encountered, is oxidation or scaling of the 
metal. Scaling occurs by a process of diffusion of oxygen 
inward and of alloying elements outward through the 
scale layer already formed. In plain carbon steel, the 
amoimt of scaling in air is negligible below 1000 *F. 
Above this temperature, the rate of scaling of carbon 
steel increases rapidly. For a given period of exposure, 
the amount of scaling varies exponentially with respect 
to the reciprocal of the absolute temperatiures. 

The most important element for increasing the scaling 
resistance of carbon steel above 1000 * F is chromium. 
This element appears to oxidize preferentially to iron, 
and to form a tightly adherent layer of chromium-rich 
iron oxide on the surface of the metal, retarding the 
inward diffusion of oxygen and inhibiting further oxida- 
tion. Other elements such as silicon and aluminixm also 
increase the scaling resistance, particularly when added 
to a steel containing chromium. These elements have 
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Fic. 48—6. Oxidation of plain carbon and 5 per cent chromium— 0.5 
per cent molybdenum steel at 1100 ® F. 


a greater afiiiiity for oxygen than does iron, and are also 
preferentially oxidized. 

The rate of scaling decreases as the scale becomes 
thicker and additional protective layers are formed. 
The nature of the progress of scaling with time at 1100 • F 
is shown in Figure 48 — 6 for carbon steel and 5 per cent 
chromium steel containing molybdenum. At the start, 
the rate of scaling of the alloy steel is as rapid as that 
of the carbon steel or perhaps more so, but the rate of 
scaling of the alloy steel soon decreases while that of 
the carbon steel continues at a rapid rate. The results of 
oxidation tests are shown in Figure 48 — 7. In these tests, 
the amount of scaling (oxidation) was measured by 
the gain in weight in 1000 hours. Several interesting 
points immediately become apparent. As the tempera- 
ture is increased above 1000 ° F, the amount of scaling 


in the plain carbon and molybdenum steels increases 
rapidly, and increase of chromium to 2.25 per cent or of 
silicon to 0.75 per cent does not improve the scaling 
resistance significantly. The 5 per cent chromium steels 
are somewhat better, but their scaling resistance de- 
creases rapidly above 1200 ® F. Additions of 9 per cent 
or 12 per cent chromium considerably improves the 
scaling resistance, these materials showing little scaling 
in 1000 hours below 1400 ® F. The increase in scaling re- 
sistance in going from 5 per cent to 9 per cent chro- 
mium is noticeable. The very large increase in scaling 
resistance produced in 3 per cent chromium or 5 per 
cent chromium steel by addition of 1.5 per cent silicon is 
also striking. 

A survey of the available data indicates that the chro- 
mium content for freedom from scaling is roughly 



TEMPERATURE, •P 


Fig. 48—7. Amount of oxidation (scaling) of carbon, low-alloy, and stainless steels in 1000 
hours in air at temperatures from 1100* to 1700 • P. 
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Fig. 48—8. Maximum amotmt of chromium necessary for freedom from 
scaling at temperatures from 1000 ^ to 2000 "F. 


proportional to the temperature, as shown in Figure 
48 — 8. While this diagram indicates the maximum chro- 
mium content for freedom from scaling, it should be 
noted that addition of 1.25 to 1.50 per cent silicon greatly 
improves scaling resistance, decreasing the amount of 
chromium needed for protection at a given temperature. 

Effect of Various Atmospheres — The corrosion of 
steels at elevated temperatures in air is not necessarily 
indicative of their performance in other atmospheres. 
However, it is generally ti*ue that the corrosion re- 
sistance of steel increases with its chromium content. 
The precise behavior must, however, be established 
under the conditions in which the material will be used 
in service. Based on service experience in various at- 
mospheres, as well as on laboratory tests, the Ameri- 
can Society for Testing Materials has listed the maxi- 
mum temperature which various stainless steels can 
withstand without excessive scaling (Table 48—11). 

In 3000 and 7000 hour tests in steam at 1100® F, Van 
Duzer and McCutchan found that the silicon content of 


Table 48 — ^11. Maximum Temperature Without Excessive 
Scaling 


Alloy 

Nominal 

Composition 

(%) 

Steel 

Type No. 

Maximum 
Temperature 
Withstood Without 
Excessive Scaling 
(®F) 

4-6 Cr-Mo 

502 

1150 

8-10 Cr 

— 

1200 

10-14 Cr 

410 

1250 

12-14 Cr 

420 

1200 

14-18 Cr 

440 

1400 

14-18 Cr 

430 

1550 

23-30 Cr 

446 

2000 

18-8 

302 

1650 

18-8 

303 

1600 

18-8 

304 

1650 

25-12 

309 

2000 

25-20 

310 

2000 

18-8 Mo 

316 

1650 

18-8 Ti 

321 

1650 

18-8 Cb 

347 

1650 


From: “Tables of Data on Chemical Compositions, Physical 
and Mechanical Properties of Wrought Corrosion-Resist- 
ing and Heat-Resisting Chromiiun-Nickel Steels,*’ Amer- 
ican Sode^ for Testing Materials, Dec., 1942. 


the chromium-molybdenum steels did not increase their 
resistance to steam corrosion, as had been expected from 
laboratory scaling tests in air. They also found that the 
corrosion of the plain carbon steels proceeded at a con- 
stant rate, but that as little as 1 to 2 per cent chromium 
lessened materially the amount of scaling. In the 12 per 
cent chromium stainless steels, the high-sulphur free- 
machining steel was as good as the standard grades, 
but addition of 2 per cent manganese lowered the cor- 
rosion resistance. 

Rohrig, Van Duzer and Fellows tested various carbon 
and alloy steels in steam at 925 ® and 1100 ® F. In periods 
up to 15,000 hours at 925 ® F, the steels formed a thin, 
dense, tightly adherent layer of scale. The amount of 
scaling was very light and there was little difference be- 
tween the various types of steels. At 1100 ® F, scaling of 
the carbon steels was continuous, but that of the alloy 
steels decreased after a period of time. In general, the 
same trends are shown by these tests in steam as by the 
scaling tests in air. 

Scaling tests in carbon dioxide show about the same 
results as scaling tests in air. 

In flue gases, Oertel and Landt found that the amount 
of scaling in 10 per cent chromium steels at temperatures 
between 1300 ® and 2000 ® F was three times as rapid as 
in air. Gases that are chemically reducing in nature in- 
crease the scaling rate over that obtained in air. 

Chromium is particularly effective in increasing the 
resistance of steel to corrosion by sulphur compounds 
at elevated temperature, a condition frequently en- 
countered in oil reflning. Service experience with oil- 
cracking still tubes and evaporators has shown that 
under these conditions small additions of chromium are 
effective; 2 per cent chromium was found to reduce 
the amoimt of corrosion to % that encountered in plain 
carbon steel. 

In ammonia synthesis, Schiifler and Berlecken showed 
that the conditions at high temperatures and pressures 
lead to reactions between the hydrogen of the gas and 
the carbon of the steel to form methane (CH4) and 
other hydrocarbons. At 390* and 750 *F, at 50 and 
75 atmospheres pressure, respectively, carbon steel and 
1 per cent chromium steel wiUi molybdenum showed loss 
of impact strength after service, while 5 per cent chro- 
mium steel with molybdenum was unaffected. The im- 
provement of the resistance of steels to hydrogen must 
be accomplished by using lower carbon content, mini- 
mizing inclusions, and alloying with chromium, prefer- 



BTU PER SO. FT PER IM PER HR. PER OEG. F 


400 


STEELS FOR ELEVATED-TEMPERATURE SERVICE 


870 



Fic. 44—9. Thermal conductivity of vari- 
ous steels at temperatures between room 
temperature and 1500 * F. 


Fic. 48—10. Influence of temperature on linear 
thermal expansion. The diagram shows the change 
of length, in inches per foot, occurring in carbon, 
low-aUoy, and stainless steels as they are heated 
from room temperature to any temperature be- 
tween 400 • and 1200 • F. For the ferritic steels, the 
thermal expansion decreases with increasing chro- 
mium content, following the order of ^e steels 
as listed on the diagram. In the austenitic steels 
the thermal expansion Is larger than in the carbon 
steeL 
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ably above 3 per cent, in connection with such carbide 
stabilizers as tungsten, molybdenum, titanium, vana- 
dium, tantalum, and columbium. The elements that resist 
hydrogen are good nitride formers, so failure can occur 
by formation of a brittle mtride layer. All high- 
chromium and chromium-nickel steels show excellent 
resistance to hydrogen. Chromium steels are resistant to 
hydrogen sulphide (H 2 S) and sulphur dioxide (SO 2 ) 
gases, while nickel steels are sensitive to these gases. A 
chromium-silicon-aluminum steel was found to be use- 
ful where gases containing HaS had to be handled at 
1830 

Caustic Embrittlement of Boiler Plates— Caustic em- 
brittlement or ^'caustic cracking” of boiler plates some- 
times occurs when alkalies are present in the boiler 
feedwater. The caustic cracking is intergranular and 
results from a combination of stress, exposure to alkaline 
solutions at temperatures of 212 ‘F or above, and the 
opportunity for concentration of the solution in capillary 
spaces. Both hydrogen (H*) and the deposit of iron 
oxide (FeO) formed by the reaction enter into the 
process, but the full explanation of the process is lacking. 
Conunon methods of protection when using alkaline 
water are to maintain a ratio of sulphate to alkali above 
a certain value which depends on the working pressure, 
or to distill the water. 

Thermal Conductivity— Another property of impor- 
tance at elevated temperature is the thermal con- 
ductivity of the material, shown in Figure 48—9. It will 
be noted that the addition of alloys decreases the thermal 
conductivity of carbon steel, and that the difference be- 
tween the thermal conductivities of the various steels 
decreases with increasing temperature. The thermal 
conductivities of the austenitic 18 per cent chromium, 
8 per cent nickel and of the 25 per cent chromium, 20 
per cent nickel steels are the two lowest on the chart. 

Thermal Expansion— In designing apparatus for use 
at elevated temperature, allowance must be made for 
the thermal coefficient of expansion of the component 
materials. 

The linear thermal expansion (increase in length), 
in inches per foot in going from room temperature to 
any elevated temperature up to 1200 ®F, is shown in 
Figure 48—10. 

The steels are listed in the order in which they occur 
on these bands. It is seen that the austenitic stainless 
steels have a higher coefficient of expansion than the 
ferritic steels, in which the thermal expansion is de- 
creased by the addition of alloying elements. 

Modulus of Elasticity— Elastic moduli are often needed 
for design for service at elevated temperatures. The 
temperature dependence of Young's modulus (tensile 
modulus, E) for a number of ferrous materials that 
might be used in service at elevated temperatures is 
shown in Figure 48—11. The relatively low spread in 
values which encompasses all the ferritic or austenitic 
steels should be noted, since it indicates that this prop- 
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Fic. 48-11. Young’s modulus, E, of various ferrous 
materials, as affected by temperature. 

erty is relatively independent of composition and micro- 
structure. 



Chapter 49 

MECHANICAL TESTING 


SECTION 1 

INTRODUCTION 

The maimer in which metals react to applied forces is then, the extent to which the test simulates the actual 
important in almost all practical applications. Steels, for application. For example, suppose that a large structural 
example, are used in a multitude of applications involv- member is required to carry a certain compressive load 
ing their ability to withstand service loadings without at a temperature of 500 * F. A test of the actual member 
permanently deforming or rupturing. Of equal impor- is out of question because of the large size. An alternate 
tance, on the other hand, is the ability of steel to undergo course of action is to select from the material in ques- 
large permanent deformations, thus permitting the for- tion a small specimen suited to available testing equip- 
mation of useful shapes under the application of the ment and to make a compression test at 500 ® F. The type 
proper forces. Even though the final service application of loading and the service temperature are thereby 
of a metal part may not in any way involve load- duplicated, and it is likely that the test results will be 
carrying ability, it is almost certain that at some stage a reliable guide in selecting a material suitable for the 
in fabrication the manner of reaction of the metal to application. 

applied forces has come into play. Mechanical properties Another criterion by which a test may be selected de- 
are the characteristic response of a material to applied pends on whether or not the test measures the same 
forces; the methods of measurement of these properties ultimate fundamental property on which successful per- 
and of evaluating their significance form the subject formance in service depends. For example, in bending, 
matter of this chapter. the minimum bend radius obtainable with a particular 

It is both logical and useful to think of mechanical material depends on the ability of the material to 
properties as falling into two broad categories: strength elongate over very short gage lengths on the tension 
and ductility. Strength properties are related to the fibers of the bend. Since the reduction of area in the 
ability of the material to resist applied forces, while tension test may be interpreted also as a measure of 
ductility is a measure of the ability to undergo perma- ability to elongate over very short gage lengths, it has 
nent changes of shape without rupturing. Many me- been possible in some instances to relate minimum bend 
chanical characteristics or behaviors depend on both radii to reduction of area. The test is thus measuring a 
strength and ductility, frequently in a complex manner, property which is directly responsible for the behavior 
as illustrated so well by that characteristic of materials in the application. 

known as toughness, or the ability to absorb energy. There exist a great many applications of metals, how- 
Even such complex behavior can be better understood, ever, which are characterized by such complex condi- 
however, by considering it in terms of the separate tions of loading that a directly applicable test may not 
contributions of strength and ductility. be readily found. Because of this circumstance, the 

The mechanical reactions of metals to applied forces selection of mechanical tests for a particular instance is 
are extremely diversified, depending upon the exact based primarily on experience. It may be known that, 
nature of the forces and the conditions under which they over a period of years, many lots of a certain grade of 
are applied. It is essential that cognizance be taken of steel having properties falling within a certain range 
this fact in attempting to devise or select tests which have performed satisfactorily in service. It can be ex- 
will permit a prediction of service performance. The pccted, then, that new lots of this grade of steel having 
final answer to the question of suitability for service the same mechanical properties will perform satisfac- 
can, in general, only be found in an actual service test, torily in the same application. 

In most cases, however, actual service tests are imprac- A good example of a test selected on the basis of ex- 
tical and simpler tests must be found, especially where perience is offered by the extensive use of hardness test- 
frequent inspection of material is essential. In devising ing in the inspection of deep-drawing sheets. It is known 
simpler tests, it is important that the type of forces in- from experience that, in order for a sheet to be formed 
volved in the particular service application of interest satisfactorily into a particular part, its hardness must lie 
be known, i.e., whether the loading is tension, compres- within a certain range. Although hardness in itself can 
sion, bending, twisting, shear, etc. It is also important to hardly be considered the property which controls the 
know whether the loading is static or dynamic, and if performance, it reflects the critical properties to a degree 
dynamic, it is important to know the nature of the rate which makes it extremely useful as a control test, par- 
of application and variation of the loading. The tempera- ticularly in view of the case with which hardness tests 
ture at which the loading is applied also may be of can be made. Testing on this basis, however, should only 
critical importance. If these features of the service con- be considered as a means of increasing the probability 
ditions are known, one can be guided in the selection of of selecting satisfactory material. Unless the actual char- 
tests most likely to provide a reliable evaluation of the acteristics which determine the performance are known 
suitability of a material for a particular application. One and are aqtually being tested for, an arbitrary test, even 
criterion of test validity with respect to service would be, though backed by considerable experience, may at soma 
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time fail to discriminate between good and poor material. 

In the field of the mechanical behavior of metals, there 
is a strong trend away from arbitrary tests and toward 
a more exact evaluation of the fimdamental properties 
which are actually called upon in particular service ap- 
plications. The new methods of experimental stress 
analysis, particularly the wire-resistance strain-gage 
techniques, have permitted great advances to be made in 
more thorough evaluation of service requirements. Once 
the mechanics of an application have been analyzed and 
the critical fundamental material characteristics have 
been ascertained, the task of selecting a suitable test is 
greatly simplified. 

Many steel products are sold to mechanical-property 
specifications and much of the testing carried out by the 
steel producer is for the purpose of ascertaining whether 
or not a given specification is being met. If the product 
is a widely used one, a standard specification may be set 
up by a body such as the American Society for Testing 
Materials in order to assist the user in specifying mate- 
rial for a certain application. Such specifications may 
provide fundamental design figures for the engineer, or 
in many cases may be based on previous experience 
which indicates that, if a material has certain properties, 
it will serve a particular purpose satisfactorily. 

As already indicated, mechanical testing may be car- 
ried out as a means of quality control, even though the 
product may not be sold to a mechanical-property 
specification. In such instances, the experience of the 
producer dictates the test most suitable for the purpose. 


The particular test chosen may depend to a great extent 
upon the ease with which it can be made if frequent 
inspection or extensive sampling is needed. 

Another important function of mechanical testing is to 
determine the causes for failure in service. If the mate- 
rial is shown to be at fault, a substitution of another 
material or the elimination of the deficiency of the first 
material can be guided by judicious mechanical tests. 
If no fault can be found with the material, a change in 
design may be indicated. 

Still another function of mechanical testing results 
from its great usefulness in the development of new and 
improved products. Even in applications so complex in 
nature that a final test in service may be required, it is 
usually possible, by judicious mechanical tests, to 
establish trends and select the materials most likely to 
perform satisfactorily. 

In the subsequent sections of this chapter, the me- 
chanical tests most generally applied to steel will be dis- 
cussed. Attention will be focused primarily upon the 
tension test, the hardness test, the notched-bar impact 
test, the fatigue test, and the creep and rupture tests. In 
addition, certain miscellaneous tests sometimes made on 
steel will be briefly described. Emphasis will be placed 
on the significance of the various mechanical properties 
to be discussed, as well as on the precautions necessary 
to obtain reliable test results. Test procedures approved 
and recommended by the American Society for Testing 
Materials will be indicated for those tests for which 
standards or tentative standards have been established. 


SECTION 2 

THE TENSION TEST 


Because of the large amount of information which can 
be derived from it, the tension test is undoubtedly the 
most generally useful of all the mechanical tests applied 
to steel. The versatility of the tension test lies in the fact 
that it permits both strength and ductility properties to 
be measured. The strength properties measured in the 
tension test arc directly useful in design, whereas the 
ductility properties provide some indication of the extent 
to which changes in shape can be brought about by plas- 
tic forming, or an indication as to whether sufficient 
ductility is present for the intended service. Since the 
tension test is used quite extensively in the steel indus- 
try, a rather complete de.scription of the test and of the 
properties measured will be presented. 

Testing Machines — ^The machines employed in tension 
testing consist essentially of a load-producing mecha- 
nism and a load-measuring mechanism. The most ele- 
mentary method of producing a tensile load simply in- 
volves the suspension of dead weights from the specimen 
to be loaded. This procedure is in general not practicable, 
however, because of the inconvenience of handling the 
large weights which would be required. Dead-weight 
loading, sometimes with the force multiplied by a lever, 
is used in certain instances, however, where it is desired 
to subject a specimen to a fixed load for a period of con- 
siderable duration. Creep and rupture testing, which is 
discussed in a later section, is perhaps the best example 
of the use of dead-weight loading for testing purposes. 

The more commonly used testing machines employ 
either a mechanical system of loading actuated by 
screws or a hydraulic system in which the load is applied 
through a hydraulic ram. In both types of machines, 
there is a fixed crosshead and a moving crosshead 
through whi<^ the tensile force is applied. The moving 
crosshead in the screw madiine is motivated either by 


threaded columns (screws) rotating in stationary nuts 
or by rotating nuts, depending upon the design of the 
machine. Various speeds of crosshead movement are 
available through changes of the gear combination in the 
drive. In the hydraulic testing machine, the moving 
crosshead is powered by a hydraulic ram. The hydraulic 
machine has the advantage of a continuous variation in 
rate of crosshead movement which is controlled by a 
simple valve system. A complete range of rates of load- 
ing from very slow up to the limit set by the capacity of 
the testing machine pump can be obtained. The popu- 
larity of the hydraulic machine has been increasing in 
recent years. 

The mechanical or screw type of testing machine is 
characterized by the load-measuring mechanism gen- 
erally employed. In this mechanism, the load is trans- 
mitted through a system of levers acting on fulcrums of 
hardened steel to a beam carrying a movable weight or 
poise. The lever system is arranged so that the force 
exerted by the poise on the beam has a great mechanical 
advantage and can balance the force being applied to the 
tensile specimen. The poise can be moved outward along 
the beam, thereby increasing its lever arm and providing 
by its position a means of load indication. The movement 
of the poise is effected by manually rotating a screw 
during the test so that the beam is kept in balance. Be- 
cause of the characteristic load -measuring mechanism, 
this type of machine is generally referred to as a “beam- 
and-poisc’’ or “lever” machine. A typical machine is 
shown in Figure 49 — 1. One of the greatest objections 
to the lever machine lies in the manual operation of the 
weighing mechanism and the attendant human factor 
introduced into the test. An attempt has been made in 
one development to circumvent this objection by per- 
mitting the end of the beam to actuate a poodulum, the 
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Fic. 49 — 1. Beam-and-poise testing machine. (Courtesy. Riehle Testing Machines Divi- 
sion, American Machine and Metals, Inc.) 


movement of which provides a continuous and auto- 
matic indication of load 

Most of the recent developments in the field of tensile 
testing machines have centered around the hydraulic 
machine. Hydraulic testing machines are of two main 
types: the lapped-ram type and the packed-ram type. 
In the lapped-ram type, the piston and cylinder are 
lapped to an extremely close fit so that an almost fric- 
tionless movement is possible. Because of the extremely 
low friction, the oil pressure in the cylinder can be used 
directly as a measure of load on the machine. One load- 
measuring device used rather widely is the pendulum 
weighing mechanism. A small piston is acted upon by the 
same hydraulic pressure acting on the main ram, thus 
producing a force proportional to that acting on the main 
ram. The small piston is arranged in such a way as to 
displace a pendulum, the magnitude of the displacement 
providing an indication of the test load. Another method 
employs electronic indication methods for the direct 
measurement of the oil pressure. 

In the packed-ram type of hydraulic testing machine, 
the piston and cylinder are not fitted as closely as in the 
lapped-ram type, and a packing is necessary to prevent 
leakage of oil from the system. Since friction between 
the packing and the ram is variable, depending upon the 
applied hydraulic pressure, the possibility of a direct 
pressure measurement being used to provide an accurate 
indication of load is precluded. One device used to cir- 
cumvent this difficulty is the so-called Tate-Emery load 
indicator, which utilizes a hydraulic capsule. The load 
on the machine acts on the capsule which is part of a 
closed hydraulic system. The capsule is a very rigid as- 
sembly containing an oil layer of only about 0.030-inch 
thickness. As the load is applied, a pressure is developed 
in the capsule and transmitted to a Bourdon tube. The 
actual load indication is provided by a measurement of 
the force which is necessary to hold the tip of the 


Bourdon tube in its equilibrium position. This force is 
measured by the displacement of the free end of a helical 
spring attached to the tip of the Bourdon tube. The 
spring is made from an alloy of the Elinvar type, so that 
the spring constant is unaffected by minor temperature 
fluctuations. Since the tip of the Bourdon tube is not 
required to move more than a very small amount, the 
usual objections to a Bourdon tube, such as hysteresis 
effects, are eliminated, and the weighing system is prac- 
tically free of inertia. A modem hydraulic testing ma- 
chine provided with a weighing system of the type Just 
described is shown in Figure 49 — 2. 

Generally, a number of load-measuring ranges are 
provided so that the most sensitive and accurate range 
can be chosen for a particular test, that is, the range 
having its top limit just above the maximum load ex- 
pected in the test. It is important to know the accuracy 
of the load-measuring mechanism, and frequent calibra- 
tion should be carried out to insure that the accuracy 
remains within the desired limits. With modern load- 
weighing mechanisms, accuracies of one-half of one per 
cent of the indicated load over all but the lowest portion 
of the range may be guaranteed. For most purposes, one 
per cent accuracy is considered satisfactory, but even at 
this level of accuracy, frequent calibration is desirable. 
If the errors are found to exceed the desired limits, the 
load-measuring mechanism should be adjusted until 
further calibration indicates the accuracy to be within 
the desired range. 

Electronic devices are employed for load measurement 
in some machines of recent design. Wire resistance strain 
gages are used to measure the changes in dimensions of 
an elastic member through which the load is applied. 
The system is calibrated so that the changes in resistance 
of the strain gages provide an indication of the load. 
Different load ranges can be obtained by appropriate 
selection of the dimensions of the elastic member. 
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Fig. 49—2. Modern capsule 
weighing testing machine 
(Courtesy, The Baldwin-Lima- 
Hamilton Corp.) 
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In the ASTM Standards, three methods for the verifi- 
cation of testing machines are described. These include: 

(a) verification by standard weights (only applicable in 
the case of machines weighing a downward force), 

(b) verification by standardized proving levers, and 

(c) verification by elastic calibration devices. The first 
two of these methods make use of standard weights, in 
one case applying the weights directly to the machine, 
and in the other case making use of levers to multiply 
the forces that can be applied by the standard weights. 
Although both methods are quite accurate, they are ob- 
viously very inconvenient, and the feasible range of load 
capacities which can be covered does not encompass the 
larger machines. 

The most widely used method of calibration makes 
use of elastic calibration devices. The most frequently 
employed device of this type is the so-called proving 
ring, shown in Figure 49 — 3. Such a ring is subjected to 
a series of loads in the machine to be calibrated, and the 
deflection of the ring is measured by a micrometer which 
is an integral part of the proving ring. Proving rings are 
available in a variety of ranges up to 300,000 lb. and 
are calibrated and certified by the National Bureau of 
Standards. 

Extensometers—Certain aspects of tensile testing re- 
quire the use of some device for the measurement of the 


extension of the specimen; such a device is called an 
extensomeler. There are a very large number of types of 
extensometers available and no attempt will be made 
here to describe the features and specific applications 
of all the various types. The characteristics of a few of 
the more widely used types will be discussed briefly in 
order to illustrate the general nature of commercially 
available extensometers, 

Extensometers can be considered to fall into two main 
groups, depending on the range of extensions which can 
be covered. On the one hand, there are the very accurate, 
high-sensitivity extensometers used for the measure- 
ment of minute extensions. These extensometers are 
characterized by very small ranges; i.e., the total exten- 
sion which can be measured is quite small. On the other 
hand, there are the long-range extensometers designed 
to measure extensions up to the instant of rupture of the 
specimen. It is evident that, if long range is desired, 
sensitivity must be sacrificed; while it is equally true 
that sensitivity can be gained only at the expense of 
range. 

The optical types of extensometers provide a high 
degree of sensitivity and accuracy for extremely small 
extensions. Such extensometers are used in elastic- 
strain measurements and for very precise indications of 
the beginning of plastic yielding. Perhaps the most con- 
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Fic. 49—3. Morehouse 
proving ring, compres- 
sion type. (Courtesy, 
Morehouse Machine 
Company.) 



venient and frequently used opucal type is the Tucker- 
man extensometer. This extonsometer is attached to the 
specimen so that a fixed knife edge and a movable knife 
edge are in contact with the specimen. The movable 
knife edge consists of a lozenge, one face of which is 
polished to a mirror finish. A light beam is focused on 
the lozenge, and as the lozenge rotates as a result of ex- 
tension of the specimen, the reflected beam is displaced 
relative to the incident beam. A specially calibrated col- 
limator provides the light source and measures the de- 
flection of the reflected beam. Extensions as small as two 
millionths (0.000002) of an inch per inch can be meas- 
ured on a gage length of two inches. 

Crenerally, the great sensitivity of the optical exten- 
someters is not required and other more convenient 
types of low-range extensometers are employed. Exten- 
someters can be either of the direct-reading (indicating) 
or recording type. The indicating extensometers make 
use of a dial gage to measure the movement of some 
element of the extensometer. A great many combinations 
of range and sensitivity can be obtained in dial-gage 
extensometers, the choice depending on the strain range 
over which observations are to be made. 

Bonded wire resistance strain gages are sometimes 


used in the determination of stress-strain curves, al- 
though their main application is in experimental stress 
analysis. Essentially, this type of gage consists of a grid 
of fine wire which is suitably bonded to the specimen, 
usually by cementing. As the specimen is strained, the 
wires of the grid undergo similar strains which produce 
a change in the cross-section of the wire. This change in 
cross-section results in a change in electrical resistance 
that is proportional to the amount of strain and can be 
readily measured. The range of strain of most wire re- 
sistance gages is about one per cent, but special gages 
having considerably higher ranges have recently become 
available. When suitable techniques are employed, the 
sensitivity and accuracy of wire resistance gages is at 
least as good as the best optical strain gages. 

Recording extensometers ore now in wide use and 
offer the advantage of an automatically plotted stress- 
strain curve from which determinations of various ma- 
terial characteristics can be made, as well as the advan- 
tage of a permanent record of the test. High-sensitivity 
short-range recording extensometers can be obtained 
with an accuracy of 0.00005 inch or one-half of one per 
cent of indicated strain, whichever is greater, and with 
a range of from 0.02 to 0.04 inch. Sensitivities up to 



{86 


THE MAKING, SHAPING AND TREATING OF STEEL 


-APPROX. 2" 


RCDUCEO SECTION 


3“ MIN. 
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Note 1.— When necessary, It is permissible to use a nar- 
rower specimen but in such a case the reduced por- 
tion shall be not less than 1 in. in width. 

Note 2.— The dimension “T” is the thickness of the test 
specimen as provided for in the applicable material 
specifications. 

Note 3.—The reduced section shall be parallel within 
0.010 in. and may have a gradual taper in width from 
the ends toward the center with the ends not more than 
0.010 in. wider than the center. 

Note 4.— The ends of the specimen shall be symmetrical 
with the center line of the reduced section within 0.10 in. 

A.— STANDARD RECTANGULAR TENSION TEST 
SPECIMEN WITH 8-IN. GAGE LENGTH. 


REDUCED SECTION , 2" MIN. 


^PPROX. V 

2*4" MIN. 






— T-"- 1 










0.500" taoio"-'" 

L 

f 

-RAa <4 MIN. 

1 ** 

♦T 


2.000” ±0.005" 
GAGE LENGTH 


Note l.—The gage length and fillets shall be as shown, 
but the ends may be of any shape to fit the holders of 
the testing machine in such a way that the load shall 
be axial. 

Note 2. — The reduced section may have a gradual taper 
from the ends toward the center, with the ends not 
more than 0.005 in. larger in diameter than the center. 

C.~STANDARD ROUND TENSION TEST 
SPECIMEN WITH 2-IN. GAGE LENGTH. 


REDUCED SECTION 




8" MIN.' 


IvdoO" ±0.005” 
GAGE LENGTH 


Note 1.— The dimension is the thickness of the test 
specimen as provided for in the applicable material 
specifications. 

Note 2.— The reduced section shall be parallel within 
0.005 in. and may have a gradual taper in width from 
the ends toward the center, with the ends not more 
than 0.005 in. wider than the center. 

Note S.—The ends of the specimen shall be symmetrical 
with the center line of the reduced section within 0.05 
in. 


Note 1.— If desired, the length of the reduced section may 
be increased to accommodate an extensometer. 

Note 2.— The gage length and fillets shall be as shown, 
but the ends may be of any shape to fit the holders of 
the testing machine in such a way that the load shall 
be axial. 

Note 3. — The reduced section may have a gradual taper 
from the ends toward the center, with the ends not 
more than 0.003 in. larger in diameter than the center. 


B.— STANDARD RECTANGULAR TENSION TEST 
SPECIMEN WITH 2-IN. GAGE LENGTH. 


D.— EXAMPLE OF SMALL SIZE SPECIMENS 
PROPORTIONAL TO STANDARD 2-IN. 
GAGE SPECIMEN. 


Fig. 48—4. Sketches of ASTM standard tension specimens. (From “ASTM Standards, 1955”) 


0.00002 inch can be obtained. This type of extensometer 
operates on a micrometer-screw principle. A small 
electric motor, known as a Selsyn motor, rotates a screw 
which makes electrical contact with an element of the 
extensometer actuated by the extension of the specimen. 
The movement of the screw results in a corresponding 
movement in the stress-strain recorder which can be 
calibrated to indicate the extension directly. By a differ- 
ent arrangement of the lever system in this type of 
recording extensometer, the range can be greatly ex- 
tended, and such an extensometer, known as a total- 
elongation extensometer, Is commercially available. The 


magnification ranges of this extensometer vary from 5 
to 20 as compared to 250 to 1000 for the more sensitive, 
short-range extensometer. 

Another type of long-range recording extensometer 
which has seen considerable application is the wedge 
type. In this extensometer, a wedge of known taper Is 
pulled through a slot in the extensometer which opens 
as the specimen elongates. The movement of the wedge 
is used to rotate the recorder drum and since the taper 
of the wedge is known, the strain can be calculated. 
The magnification obtainable with this extensometer de- 
pends upon the degree of the taper in the wedge. 
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Another type of recording extensometer operates on 
a magnetic principle. In this extensometer, the lever sys- 
tem is arranged in such a way that extension of the 
specimen results in a movement of an iron core in a 
small magnetic coil, thus changing the inductance of the 
coil. A similar magnetic coil is contained in the recorder, 
and is automatically kept in balance with the extensom- 
eter coil by a servomotor which also actuates the re- 
corder. This extensometer provides a smoother motion 
of the recorder than the micrometer screw or Selsyn 
motor type of extensometer already described. The 
ranges and sensitivities available are comparable to 
those available in the micrometer-screw type. 

For strain measurements in and just beyond the elastic 
range, it is desirable to use extensometers which in- 
corporate an averaging mechanism. Unless extreme pre- 
cautions are taken, axiality of loading will not be ob- 
tained and a non-uniform strain distribution will result. 
By averaging the extension along two opposite fibers of 
the specimen, a closer approximation to the extension 
which would have occurred had the loading been axial 
can be obtained. 

Specimens — Certain standard tension specimens have 
been adopted and are recommended by the American 
Society for Testing Materials. The shapes and dimensions 
of the most frequently used tensile specimens are shown 
in Figure 49 — 4. Figure 49 — 4A shows the rectangular 
cross-section specimen with 8-inch gage length used for 
tests of plates and structural sections. The rectangular 
cross-section specimen with 2-inch gage length gen- 
erally used in sheet-metal testing is shown in Figure 
49 — 4B. The standard circular cross-section specimen 
with 2-inch gage length is shown in Figure 49— 4C. The 
details of the ends of this type of specimen will vary 
widely, depending on the types of grips employed. If the 
section from which the specimen is to be taken is too 
small to permit the procurement of a full-size specimen, 
smaller specimens can be used if the dimensions are kept 
in geometric proportion. It is especially important that 
the gage length for measuring elongation be propor- 
tioned to the nominal diameter of the specimen. One- 
inch and 1.4-inch gage-length specimens are frequently 
used and have diameters of 0.252 inch and 0.357 inch 
respectively. The nominal diameters of 0.252, 0,357 and 
0.505 inch for the specimens having gage lengths of 1 
inch, 1.4 inches, and 2 inches, respectively, were selected 
to simplify calculation of loads in pounds per square inch 
from actual loads. These diameters provide specimens 
having respective cross-sectional areas of very nearly 
0.05, 0.1, and 0.2 sq. in. Other specimens for special prod- 
ucts can be found in the ASTM Standards. For certain 
types of products, such as small bars, tests may be made 
on the full section, in which case the only preparation 
necessary is the cutting of the specimen to length. 

A number of general precautions should be observed 
in the procurement and preparation of tension-test 
specimens. It is important that heating and cold working 
of the specimen be kept to a minimum during procure- 
ment and preparation if reliable results are to be ob- 
tained. When specimen blanks are dame cut from plates, 
for example, allowance should be made for machining 
off all metal affected by the heat introduced during flame 
cutting. Cold shearing or punching of specimen blanks 
should be performed with care, since specimens im- 
properly prepared in this manner may become cold 
worked and thus not be representative of the material 
being sampled. Care should also be taken to insure that 
the test specimen is straight and flat. An initial bow or 
curvature in a tension specimen will result in distortion 
of the elastic loading line and may affect the stress level 
at which initial plastic yielding occurs. In machining 


tension-test specimens, precautions should be taken to 
insure that the various portions of the specimen are 
symmetrical with respect to the loading axis of the speci- 
men. If such precautions are not observed, the specimen 
will be loaded eccentrically, and bending stresses will 
be set up. Such eccentric loading will affect the elastic 
loading line and may influence the initial yielding be- 
havior. 

Grips used in tension testing vary considerably, de- 
pending upon the type of specimen being used. For many 
tests, the so-called wedge grips, which are serrated and 
simply grip the specimen by a transverse pressure which 
builds up as the specimen is loaded, are satisfactory. 
However, if the specimen is rather short, eccentric load- 
ing may become serious, necessitating the use of ma- 
chined specimen ends and of grips with spherical bear- 
ings. an arrangement which to some extent provides 
self-alignment. Eccentric loading of plate or sheet-type 
specimens may be caused by the method used in pre- 
paring the test specimen; for example, shear or punch 
drag, or beads of metal deposited on the edges of the 
grip ends when burning out the specimen. A sketch of 
typical spherical seated grips is shown in Figure 49 — 5. 


Fig. 49—5. Sketch of self-aligning tension 
grips. (From “ASTM Standards, 1955.“) 

For extremely accurate work, adjustable grips may be 
used in which the load is transmitted through a small 
hardened-steel ball and which permit a shift of the 
specimen with respect to the load application points in 
order to obtain a very high degree of axiality. 

The Tension Test and Ihe Properties Which are De- 
termined— In conducting a tension test, the specimen is 
introduced into the machine in such a manner that a load 
can be applied along the specimen axis, and the applied 
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load is then gradually increased until the specimen 
breaks. An important factor which is generally con- 
trolled within certain predetermined limits in tension 
testing is the speed of testing. Some of the tensile prop- 
erties are markedly affected by rate of straining, and it 
is important to specify and control the speed of testing 
within certain definite limits. These limits should be 
chosen in such a way as to prevent more than a certain 
percentage variation in the property being measured 
from arising as a result of variations in the speed of 
testing. Speed of testing may be specified in terms of 
rate of stressing the specimen, rate of crosshead move- 
ment, or rate of straining of the specimen. The most re- 
liable of the three methods of specifying speed of testing 
is the rate of straining of the specimen, since any varia- 
tions in properties as a result of variations of speed of 
testing arise directly from variations of strain rate in the 
specimen itself. In some instances the rate of crosshead 
movement may be closely enough related to rate of 
strain in the specimen that it can be used satisfactorily 
for control purposes. 

Before considering the determination of specific prop- 
erties in the tension test, it is necessary to define stress 
and strain, since these concepts are used in the defini- 
tions of the various tensile properties. The definitions of 
stress and strain proposed by the American Society for 
Testing Materials are as follows: 

Stress — ^The intensity at a point in a body of the in- 
ternal forces or components of force which act on a given 
plane through the point. Stress is measured in force 
per unit area (pounds pei square inch, kilograms per 
square millimeter, etc.). 

Strain — A measure of the change in size or shape of 
a body, due to force, referred to its original size or shape. 
Strain is a non-dimensional quantity, but it is sometimes 
expressed in inches per inch, etc. 

In discussing the various properties which are deter- 
mined in tension tests, these properties will be classified 
according to whether some aspect of strength or ductility 
is being measured. Further details of testing procedure 
will be mentioned as they apply to the measurement of 
specific properties. 

A. STRENGTH PROPERTIES 

Modulus of Elasticity (Young’s Modulus)— When a 
metal is subjected to load, there is an initial range of 
loading in which no permanent deformation of the speci- 
men occurs; i.e., if the load is removed at any value 
within this range, the specimen will return completely 
to its original dimensions. Furthermore, within this 
range of loading, which is designated as the elastic 
range, the strain produced is directly proportional to 
the applied stress; i.e., the strain produced by 20,000 lb. 
per sq. in. stress will be twice that produced by 10,000 lb. 
per sq. in. The law of proportionality between stress and 
strain in the elastic range is known as Hooke’s Law. 
The modulus of elasticity is simply the proportionality 
constant between stress and strain and can be obtained 
from the slope of a plot of stress against strain within 
the elastic range. The modulus for ordinary steels is 
usually taken as about 30,000,000 lb. per sq. in. in design 
work. Since the modulus does not vary much from steel 
to steel, it is not determined except in special instances 
where a more accurate value may be needed, or for ex- 
ample, where the effect of temperature on the modulus 
must 1^ ascertained. Very great accuracy of load meas- 
urement and strain measurement is necessary for reli- 
able modulus determinations. Furthermore, special 
precautions must be exercised to procure specimens free 
from residxial stress and to insure very accurate speci- 
men alignment 


Elastic Limit — In practice, the elastic limit is deter- 
mined by subjecting a specimen carrying a strain- 
measuring device (extensometer) to a series of loading 
steps in which the maximum load applied is gradually 
increased, the load being released completely at each 
step. A load will finally be reached upon release of 
which the specimen will fail to return to its original 
length: this load is the elastic limit. The size of the load 
increments used and the sensitivity of the extensometer 
used will, of course, affect the value obtained, and, con- 
sequently, this property is not frequently determined. 

Proportional Limit — The proportional limit represents 
an aspect of elastic behavior similar to the elastic limit, 
the principal difference lying in the method of deter- 
mination. The straight-line proportionality between 
stress and strain in the elastic range has already been 
discussed. It is the upper limit of the range of propor- 
tionality that defines the proportional limit. In other 
words, the proportional limit is the greatest Stress which 
a material is capable of developing without a deviation 
from the law of proportionality (Hooke’s Law). 

In practice, the proportional limit is determined from 
a plot of stress against strain, being taken as the stress at 
the first visible departure from the straight line drawn 
through the points in the elastic range. Since the de- 
parture from linearity is in general quite gradual, the 
determined value will depend on the accuracy and sen- 
sitivity of the .strain -measuring device employed in the 
test. The experimentally determined value for a given 
material will be found to decrease as the sensitivity of 
extensometer used is increased, that is, as the ability to 
detect smaller and smaller strain increments is in- 
creased. Because of these uncertainties, proportional 
limit is very seldom employed in specifications. 

Yield Strength — As the tensile load on a specimen is 
increased through the elastic range, a stress will be 
reached at which the specimen will begin to deform in 
a plastic manner; i.e., it will undergo a permanent set 
which is not recoverable upon release of load. In the 
design of structural members to be subjected to static 
loads, it is generally necessary to design so that the serv- 
ice loads do not cause large deformations, since the 
usefulness of the structure would thereby be destroyed. 
It is for this reason that the portion of the tension test 
concerned with the onset of plastic yielding is of ex- 
treme importance. It has already been shown that in 
many materials the very first stages of plastic yielding 
are very difficult to detect, and that the stresses corre- 
sponding to the apparent beginning of yielding depend 
on the sensitivity of the strain measuring instrument 
used. It has become customary, therefore, to refer to the 
stress at which a material exhibits a specified limiting 
permanent set as the yield strength. The choice of the 
limiting amount of offset is to some extent arbitrary, but 
insofar as possible should be based on that amount of 
plastic yielding that would be considered damaging in a 
statically loaded member of a structure. Generally, yield 
strength is based on a 0.2 per cent permanent set. 

Assuming that a 0.2 per cent permanent set has been 
chosen, the following example will illustrate the so- 
called offset method which is commonly used in deter- 
minations of yield strength. In Figure 40—6, the early 
portion of a stress-strain diagram extending up to about 
one per cent elongation is shown. Let the origin be 
designated as O and the elastic line and its extension as 
OA. Now, on the strain axis, lay off OB — 0.2 per cent, 
and construct BC parallel to OA. The stress correspond- 
ing to the point at which BC intersects the stress-strain 
curve represents the 0.2 per cent offset yield strength. 
The offset method is based on the observed fact that if 
the load is released at X, the specimen will recover 
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Fig. 49--6. Diagram illustrating offset method for deter> 

mining yield strength. 

along BX until at zero load, the permanent set OB re- 
mains. The procedure for any other amount of offset is 
identical with the exception that the offset OB will 
correspond to the new amount of permanent set chosen 
as the basis of the yield strength. The amount of offset 
used should always be reported with yield-strength 
values. 

If a large number of tests, as for example in production 
control testing, are to be made on a material for which 
the stress-strain characteristics are known from experi- 
ence, a shortened procedure for determination of yield 
strength may be used, which is known as the extension- 
undcr-load method. This method is based on the fact 
that the total extension, i.e., the sum of the elastic and 
plastic extensions, corresponding to the amount of 
permanent set chosen as a basis for the yield strength 
determination will be known within certain fairly nar- 
row limits. Since for a given material the stress corre- 
sponding to the yield strength will not ordinarily vary 
more than a certain percentage, say 10 per cent, the 
elastic strain present at the offset on which the yield 
strength is based also will not vary more than 10 per 
cent. This 10 per cent variation in elastic strain will be a 
small fraction of the total strain at 0.2 per cent offset. For 
this reason, the yield strength can satisfactorily be de- 
termined at a total extension which is based on the 
permanent set chosen plus a mean expected value of 
elastic strain. An extensometer reading to 0.0001 in. per 
in. of gage length should be used for the total-strain 
method. 

It should be pointed out that the elastic limit and the 
proportional limit can be considered as special cases of 
yield strength, the permanent set or offset corresponding 
to the least permanent strain detectable with the in- 
struments used. 

Yield Point—It is only for those materials that wiA 
increasing stress show a gradual departure from elastic 
behavior and thus exhibit a stress-strain curve such as 
shown in Figure 49 — 6 that it is necessary to define the 
onset of plastic yielding in terms of yield strength. Many 
steels exhibit a rather abrupt yielding and may show an 
initial increase of strain without any appreciable in- 


crease of stress when yielding occurs. Such materials are 
said to exhibit a yield point, the yield point being defined 
as ^‘the stress in a material at which there occurs a 
marked increase in strain without an increase in stress." 
This definition of yield point is that presented in the 
ASTM Standards and forms the basis for yield-point 
specifications. As will be pointed out, the definition does 
not provide a complete description of the yield-point be- 
havior. 

Since the yield-point phenomenon is complex, an un- 
derstanding of its general features is essential for the 
proper planning and execution of yield-point deter- 
minations. The degree to which the yield point is mani- 
fested varies widely, depending upon the grade of steel 
being tested and upon the thermal and mechanical his- 
tory of the steel. In some steels, the yield point may ap- 
pear as little more than a “jog” in the stress-strain curve, 
while in low-carbon deep-drawing steel whose final 
treatment has been box annealing, the yield-point be- 
havior may extend over elongations of several per cent. 

The yield-point behavior can most easily be pictured 
by a description of the sequence of events during the 
yielding of a steel which shows a very pronounced yield 
point. If such a steel is stressed in tension, the load rises 
as the specimen is strained in the elastic region, and sud- 
denly falls when the first yielding occurs. After this 
initial drop, with continuing elongation, the load fluctu- 
ates about some fairly constant value for a time and then 
begins to rise again. The maximum stress before the 
sudden drop is known as the upper yield point, and the 
average value of the relatively constant stress level that 
follows is known as the lower yield point. The amount of 
extension which occurs before the load begins to rise 
steadily again is called the yield -point elongation. The 
yielding process just described is very heterogeneous, 
different portions of the specimen successively under- 
going yielding. After the first drop in load, locally de- 
pressed areas can be seen to form and to grow over the 
entire specimen as straining proceeds. These locally de- 
formed areas are usually visible in the form of surface 
irregularities or strain markings which are referred to 
by a variety of terms including Luders’ lines, Hartmann 
lines, stretcher strains, “worms,” and others. The for- 
mation of such strain markings has also been referred 
to as the Piobert effect, since the Frenchman Pioberl 
was one of the first to observe the phenomenon. As the 
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Fig. 49—^. Stress-strain curve for AISI 
4340 steel, quenched and tempered at 

aoo^F. 


specimen is strained through the yield -point-elongation 
range, which may amount to about 10 per cent, the strain 
markings continue to grow and gradually merge until 
the entire specimen has yielded. From this point on, the 
specimen deforms in a homogeneous manner, as opposed 
to the highly localized mode of deformation occurring 
during the yield-point elongation. Aggregate features of 
the yielding behavior just described are well illustrated 
by the stress-strain curve shown in Figure 49 — 7 for an 
annealed -last, rimmed, deep-drawing steel. Generally, 
the heterogeneous yielding process will be much less 
pronounced as, for example, is illustrated by the stress- 
strain curve shown in Figure 49 — 8 for a quenched and 
tempered bar of AISI 4340 steel. 

Heterogeneous yielding is associated with the presence 
of carbon and nitrogen in solid solution in ferrite. The 
carbon and nitrogen atoms are so situated that they 
exert an anchoring effect against the onset of plastic 
flow. When a sufficiently high stress is reached, the 
anchoring effect is suddenly overcome, and a yield point 
is observed. 

One of the outstanding features of the yield-point 
behavior is the extreme sensitivity of the upper yield 
point to specimen preparation and testing conditions. 
Initial yielding can be greatly affected by nonaxial load- 
ing, sharp fillets in the specimen, cold working of the 
specimen during procurement or preparation, or the 
presence of residual stresses in the specimen. Any of 
these factors may be sufficiently effective to obscure the 
upper yield point entirely, and if the material being 
tested does not exhibit appreciable yield -point elonga- 
tion, the influence of the aforementioned factors may 
eliminate all evidence of the yield point. 

A number of methods of determining the yield point 
are recognized by the American Society for Testing Ma- 
terials. These include the drop-of-beam or halt-in-gage 


method, the dividers method, the total-strain method 
using an extensometer, and the autographic-diagram 
method. These methods are generally used only for ma- 
terials exhibiting “sharp-kneed” curves for their stress- 
strain characteristics; for other materials a value equiv- 
alent to the yield point in its practical significance may 
be determined by methods outlined in “ASTM Stand- 
ards, 1955,” under Designation A370-54T (pages 359 and 
360). 

a. Drop-of-thc-Beam Method— This method applies 
particularly to tests conducted on the beam and poise 
type of testing machine described in a preceding sec- 
tion of this chapter. As the specimen is loaded, the 
beam is kept in balance by running the poise outward 
along the beam. To quote the ASTM Standard A370- 
54T: “When the yield point of the material is reached, 
the increase of load stops, but the operator runs the 
poise a trifle beyond the balance position and the 
beam of the machine drops for a brief but appreciable 
interval of time.” The load at this drop of the beam is 
recorded, and the corresponding stress is taken as the 
yield point. In view of the previous general discussion 
of the yield-point behavior, it seems evident that, if an 
especially pronounced yield point is present, an actual 
drop in the load carried by the specimen may occur at 
the upper yield point, which will result in a true drop 
of the beam not depending upon the operator. The 
main criticism of the drop-of-the-beam method lies 
in the fact that a drop of the beam can be obtained 
when a true yield point is not present in the specimen. 
When yielding occurs, even if no yield point is pres- 
ent, the rate of change of stress with strain undergoes 
a marked decrease. If the operator is running the poise 
out along the beam at a fast rate such as used in 
ordinary testing, he is apt to overshoot the load at 
which yielding occurs and observe a drop of the beam. 
Thus, it is possible to obtain a drop of the beam even 
though the stress-strain curve exhibits no region in 
which the strain increases with no increase in stress. 
For this reason, considerable skill and experience are 
required in the operation of the beam -and -poise ma- 
chine, some indication of the presence of a true yield 
point being provided by the sharpness of the drop of 
the beam. It must be accepted, however, that the hu- 
man factor is a serious variable in the drop-of-the- 
beam method of determining the yield point. 

In testing machines provided with automatic load- 
indicating devices, a sudden halt or a drop of the load- 
indicating pointer will occur at the yield point. The 
load at the “halt in the gage” is recorded and the cor- 
responding stress taken as the yield point. 

b. Total-Strain Method Using Dividers, or Dividers 
Method — In this method, an observer with a pair of 
dividers set to correspond to the distance between 
two gage marks on the specimen places the divider 
points in the gage marks and watches for visible 
elongation as the specimen is loaded. When visible 
stretch has been observed, the load is noted, and the 
corresponding stress is taken as the yield point. 

c. Total -Strain Method Using Extensometer— This 
method is similar to the dividers in principle but is 
more sensitive. An extensometer reading to 0.0001 
inch per inch of gage length is attached to the speci- 
men, which is loaded at a uniform rate. The yield 
point is based on the load at which the specimen is 
observed by the extensometer to exhibit a sudden 
increase of rate of elongation. Because of the greater 
sensitivity, this procedure may result in lower yield- 
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Fig. 49—9. Typical load-extension diagram. 

point values than those obtained by the dividers 
method. 


d. Autographic-Diagram Method— When a load- 

extension diagram has been obtained by an auto- 
graphic recording device, the stress corresponding to 
the top of the knee or the point at which the curve 
drops is taken as the yield point. When a pronounced 
yield-point behavior is exhibited, both upper and 
lower yield points, as well as the amount of yield- 
point elongation are often reported. In this manner a 
more complete description of the behavior of the ma- 
terial is provided. 

Tensile Strength — As the specimen is strained past 
the yield point, the load rises. For ductile materials, the 
load passes through a maximum and fracture eventually 
occurs, as shown in the schematic load-extension dia- 
gram of Figure 49—9. Some less-ductile materials may 
fracture while the load is still increasing, that is, without 
passing through a maximum. The tensile strength, ac- 
cording to the ASTM, “shall be calculated by dividing 
the maximum load carried by the specimen during a 
tension test by the original cross-sectional area of the 
specimen.” 

As already mentioned, speed of testing can affect the 
tension properties of a material. Considerable research 
has been conducted on the effects of speed of testing, 
and it has been generally concluded that the yield point 
is affected to a much greater extent than the tensile 
strength. It has been shown that a tenfold increase in 
rate of pulling increased the yield point of a 0.12 per 
cent carbon steel by about 7200 lb. per sq. in. in a two- 
inch gage length specimen. The effect on tensile strength 
in the range of speeds investigated was considered to be 
negligible. These observations have the practical sig- 
nificance that, in general, the control of the speed of 
testing is more critical in the region of the yield point 
than In the later stages of the test. 

B. DUCTILITY PROPERTIES 
Elongation — One aspect of the ductility of a material 
which ia generally determined in the tension test is the 
elongation which the material is capable of imdergoing 
before the occurrence of fracture. The elongation is 
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measured over some arbitrarily chosen gage length 
which is laid out on the specimen prior to the test. The 
gage length chosen depends upon the specimen being 
tested, but is usually two inches or eight inches. After 
the specimen is broken, the two fractured portions are 
fitted together and the new distance measured, usually 
to the nearest 0.01 inch. The percentage elongation is 
then calculated in the following manner: 

Per Cent Elongation 

New length — Original length 

Original Length ^ 

The original length refers to the initial gage length 
chosen and the new length refers to the length to which 
the initial gage length has been extended during the test. 

The elongation at fracture of a ductile metal is not 
distributed uniformly along the length of the specimen. 
This nonuniform distribution is a consequence of neck- 
ing down, the local elongation being greatest in the 
necked -down region of the specimen. This behavior is 
illustrated in Figure 49 — 10, which shows the distribu- 



Fig. 49—10. Distribution of elongation along fractured 
tension specimen. (Original spacing between gage 
marks, % inch.) (Prom “The Mechanical Testing of 
Metals and Alloys,” by P. Field Foster, page 76. Pub- 
lished by Sir Isaac Pitman & Sons, Ltd., London, 
1948 .) 

tion of elongation over one-inch gage lengths along a 
fractured specimen. Up to the maximum load, the speci- 
men elongates in a uniform manner; at maximum load, 
however, the strain becomes localized and the specimen 
necks down. The portions of the specimen sufficiently 
removed from the necking zone then cease to elongate. 
It can be seen, therefore, that the total elongation meas- 
ured at fracture over some arbitrary gage length is a 
sum of two components: the elongation up to maximum 



Pic. 49—11. Per cent elongation as function of gage length 
for fracturixl tension specimen. (From “The Mechanical 
Testing of Metals and AUoys,” by P. Field Foster, page 
77. Published by Sir Isaac Pitman & Sons, Ltd., London, 
1948.) 
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load (uniform elongation) and the elongation after 
maximum load (local elongation). The elongation will 
obviously vary, therefore, with the gage length over 
which it is measured, being greater the smaller the gage 
length. This variation of elongation with initial gage 
length is illustrated in Figure 49 — 11 for the same speci- 
men represented in Figure 49 — ^10. 

When comparing elongations obtained from different 
sizes of specimens, it is essential that geometric simi- 
larity be observed in the comparison. In other words, 
the ratio of gage length to cross-sectional dimensions 
must be held constant if comparable results are to be 
obtained. Barba’s Law of Similarity states that for 
tension tests on different sizes of specimens from the 
same material, the same elongation values are to be 
expected only if the gage lengths are maintained in 
proportion to the square root of the cross-sectional area 
of the specimens. 

Reduction of Area — ^The reduction of area provides a 
measure of the ultimate local ductility of a material up 
to the instant of rupture. In determining the reduction 
of area, the fractured tensile specimen is fitted together, 
and the dimensions at the minimum cross-section are 
measured. From the original and final areas, the per- 
centage reduction of area is calculated in the following 
manner; 

Per Cent Reduction of Area 

Original Area — Final Area ^ jqq 
O riginal Area 

C. SIGNIFICANCE OF THE TENSION TEST 

In addition to providing engineering design data, the 
tension test is used to a very great extent as an empirical 
test for evaluating the suitability of materials for par- 
ticular mechanical applications. The test is interpreted 
in such instances on the basis of a wealth of practical 
experience, which permits an engineering opinion of the 
probable performance of a material to be drawn accord- 
ing to the tensile properties of materials known to have 
performed satisfactorily in the past. Many tensile- 
property specifications are drawn up in this manner and 
may not be used directly for actual design purposes. 

Traditionally tensile strength has been used widely as 
a basis for design. At present, there is a marked trend 
to base the engineering design of structures to be sub- 
jected to static loads upon yield point or yield strength, 
with the application of safety factors based on en- 
gineering judgment. The use of the yield point or yield 
strength as a basis for design is, of course, based on the 
premise that any appreciable over-all yielding of the 
structure will destroy its usefulness. Tensile ductility 
specifications are almost universally based on practical 
experience as to what amount of ductility in the tension 
test has accompanied adequate ductility in service. 

With regard to the use of the tensile yield strength or 
yield point in design, the question may well be raised as 
to how such a property, determined in a simple unidirec- 
tional tensile loading, can be used in the design of struc- 
tures which are to be subjected to complex loads and 
complex states of stress. Any state of combined stresses 
can always be broken up into three so-called principal 
normal stresses which act in three mutually perpen- 
dicular directions. These three principal stresses can be 
designated as Si, Ss, and Sk, the subscripts indicating the 
order of algebraic magnitude; i.e., Si is the algebraically 
greatest principal stress. Some examples of simple stress 
combination are listed below and are illustrated in 
Figure 49—12. Tensile stresses are ordinarily designated 
as positive, while compressive stresses are designated as 
negative. 



simple tension simple compression 
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Fig. 49 — 12. Illustration of simple states of stress. 

Simple tension: Si positive; Sa = Sa = 0 

Simple compression: St ~~ Ss == 0; Sa negative 

Balanced biaxial tension; Si = Ss, both being 
positive; S# = 0 

Balanced triaxial tension: Si = Ss == S#, all positive 
Torsion or twisting: Si = — Ss, Si positive and 

Ss negative; Ss — 0 

Two principal theories of initial yielding are used in 
predicting the strength under combined stresses: the 
critical shear stress theory and the critical shear strain 
energy theory. Shear stresses are those stresses which 
tend to cause one part of a body to slip over another 
part, as opposed to normal stresses which act in such 
a way as to tend to separate the body along a plane nor- 
mal to the stress direction. It is recognized that shear 
stresses are the important stresses in controlling plastic 
flow. The maximum shear stress theory of yielding states 
that plastic action will begin when the maximum shear 
stress reaches some critical value characteristic of the 
material, the maximum shear stress being given by half 
the difference between the greatest and the least prin- 
cipal normal stresses. If the yield point in the tension 
test is designated as So, the maximum shear stress yield- 
ing criterion can be stated as; 

Critical shear stress = ^ 

As an example of the use of this relationship, the value 
of the greatest principal stress at yielding will be calcu- 
lated for torsion, where the state of stress is: Si = 
S»; Sa = 0. For purposes of illustration, it is assumed 
that the yield point in simple tension. So, is 100,000 lb. 
per sq. in. It is then found that; 

Si — S. 100,000 

Si -(-Si) *-100,000 
Si ->50,000 
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This solution indicates that a bar which is twisted will 
yield at half the value of the greatest principal stress, 
Si, at which a bar pulled in tension will yield. 

The other important theory of yielding is the shear 
strain energy theory. As a body is loaded in the elastic 
range, elastic strain energy is stored up, just as when a 
spring is stretched. The total elastic energy stored in a 
body consists of two parts: that resulting from a change 
in volume of the body and that resulting from a change 
in shape of the body. The latter portion is known as 
the distortion energy or the shear strain energy. Ac- 
cording to the shear strain energy criterion for initial 
yielding, yielding will occur when the shear strain en- 
ergy reaches a critical value, which is dependent upon 
the material. This criterion can be expressed in terms 
of the three principal stresses as follows: 

(Sx ~ SO* -h (S« - S«)* + (S, - Sx)* = 2So*, 

where So is again the yield point in simple tension. If 
the problem of the torsion of a bar of 100,000 lb. per 
sq. in. yield point material is again considered, it will 
be found that the value of Si at yielding is 57,700 lb. 
per sq. in. as compared to the value of 50,000 lb. per 
sq. in. predicted by the maximum shear stress theory, 
a difference amounting (o 15.4 per cent. In actual experi- 
ments conducted to test the two theories, the predictions 
of the shear strain energy theory are generally found to 
be in better agreement with the experimental results. 
The maximum shear stress theory is sufficiently accurate 
for many purposes, the difference between the predic- 
tions of the two theories never amounting to more than 
the 15.4 per cent cited for the example of torsion. 

Another direction in which the significance of the 
tension test has been extended is the development of 
the concept of the so-called true stress-strain curve. 
Ludwik, a German investigator who was one of the 
outstanding figures in the development of better under- 
standing of the mechanical behavior of materials, pointed 
out around 1910 that the definitions of stress and strain, 
as commonly used in materials testing and in defining 
engineering properties, are in some respects lacking in 
fundamental significance. Only in relatively recent 
years, however, have the concepts of Ludwik come to 
be widely used in this country. The principal criticism 
of the customary treatment of tensile data lies in the 
definitions of stress and strain, these quantities generally 
being referred to the initial dimensions of the specimen 
throughout a test. Such a procedure is obviously in error 
and has no real physical significance except at the very 
beginning of the test. 

As a tensile specimen is stretched, its cross-sectional 
area diminishes progressively. Only at the beginning 
of the test, therefore, can stress be based on the original 
area without introducing appreciable, and, indeed, seri- 
ous error. True stress, then, is defined as the instantane- 
ous stress acting on the specimen and is computed by 
dividing the instantaneous load by the actual cross- 
sectional area at the instant that particular load is acting. 

Since the area will have changed a negligible amoimt 
at initial yielding, the usual definitions of yield point 
and yield strength are satisfactory. Since the change in 
cross-sectional area at the maximum load is consider- 
able, however, it must be concluded that the tensile 
strength is not a real stress and has no fundamental 
physical significance. Its principal use is for relative 
comparison purposes and in testing for uniformity of 
product. 

The usual definition of strain, in which strain is re- 
ferred to initial dimensions, is likewise in error. The 
inaccuracy of referring elongation increments to an 
original gage length can be visualized in the following 


manner. If a bar ten inches long is stretched one inch, 
the elongation expressed as a percentage is 10 per cent. 
Now suppose that the bar, initially ten inches long, has 
been stretched to a length of 100 inches and is then 
stretched one inch further. The last inch of stretch re- 
ferred to the original length would represent an elonga- 
tion of 10 per cent. If, however, we base the elongation 
produced by the last one inch increment of stretch 
on the length of the specimen just prior to that incre- 
ment, the elongation would be considered to be 1 per 
cent. Obviously, the latter procedure provides a truer 
physical description of the stretching process than re- 
ferring the strains to the initial dimensions. “True 
strain” has been defined, therefore, in the following 
manner: 


True strain = = 




where L is the original length between two gage marks, 
1 is the instantaneous length between these marks as 
the specimen is stretched, and e is the base of Naperian 
or natural logarithms. Log. is usually expressed simply 
as In, so that the above expression may be written: True 

strain ~ In According to this definition, true strain 

is simply a summation of strain increments in which 
each increment is referred to the instantaneous specimen 
dimensions. A comparison of true strain with ordinary 
or nominal strain can be seen in Figure 49—13. 

A stress-strain curve making use of true stresses and 
true strains provides a more fundamental description of 
the plastic behavior of a material than the ordinary 
nominal stress-strain curve and can, therefore, be ex- 
pected to be of greater general significance. In practice, 
the method of determining true stress depends to some 
extent upon the shape of the specimen. For a cylindrical 
specimen, a convenient method is based on simultaneous 
measurements of load and minimum specimen diameter. 
The true strain can be calculated from area changes as 
well as from length changes, since the volume of the 
specimen does not change by a significant amount dur- 
ing plastic deformation. Therefore, 

Aolo ~ A1 

and 

^ L 

A = L 


where Ao and lo are the original cross-sectional area and 
length, A and 1 are the instantaneous area and length, 

respectively. Since true strain was defined as. log. 

lo, 

Ao 

it follows that log. ^ also represents true strain. Pointed 


micrometers should be used in the diameter measure- 
ments for the determination of true strain, especially 
after maximum load when the local constriction pro- 
duced by necking down has become appreciable. 

With ^in sheet specimens, wher? area measurements 
are difficult to make, an extensometer can be used up 
to maximum load; i.e., during the period of uniform 
elongation, for obtaining length measurements to be 
used in calculating true strain. In order to obtain instan- 
taneous area values for the calculation of true stress, 
the constancy of volume condition is used, thus per- 
mitting a coimputation of area changes from length 
changes. This procedure must not be used after maxi- 
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mum load because of the nonuniformity of the elonga- 
tion along the gage length which arises as a result of 
necking down. 

An example of a true stress-strain curve is shown 
in Figure 48—14. It can be seen that the true stress 
rises continuously with increasing true strain. This is a 
consequence of strain hardening which is active during 
the entire test up to the instant of fracture. It is ap- 
parent that the ordinary load-extension diagram does 
not provide a clear-cut description of strain hardening. 
The strain-hardening characteristics of a material are 
of especial importance in sheet metal forming operations 
where the ability of the sheet to work harden and 
thereby pass the deformation along from element to 
element is critical. This is only one example of many 
problems where the true stress-strain curve, which is 
based on actual physically existent stresses and strains 
rather than fictitious ones, provides a more rational 
approach to the understanding of material behavior 
under loading. 

The significance of the ductility properties determined 
in the tension test with respect to service is much more 
difficult to interpret. Gillette has presented a very capa- 
ble discussion of this question in the American Society 
for Testing Materials “Symposium on The Significance 
of the Tension Test of Metals in Relation to Design.” 
Tensile ductility values are rarely used in design, pri- 
marily because it is indeed seldom that the amount of 
ductility needed for a certain service application is 
known. Furthermore, even if such a value were known, 
it is doubtful if it could be translated into terms of 
ductility measured in a tension test. As already men- 
tioned, ductility specifications are almost universally 
based on engineering judgment and experience. Be- 
cause of the many uncertainties in interpretation with 
our present state of knowledge, however, it must be 
recognized that the significance of tensile ductility is 
somewhat limited. 

Gillette mentions a number of categories of service 
which require that the materials used possess a certain 
amount of ductility. The first example is that of plastic 
forming, especially where operations such as bending 
or deep drawing are involved, and the deformations 
may be sufficiently large to substantially exhaust the 
capacity of the material to deform. In attempting to 
apply tension-test ductility data to analyses of form- 
ability, it is important that care be taken to interpret 
the ductility data in the proper manner. Many attempts 
have been made to correlate the percentage elongation 
in 2 Inches in the tension test with formability, and the 
general lack of success is well known. The total elonga- 
tion in the tension test can only be considered as a 
rough indication of relative ductility to be expected in 
actual drawing operations. One obvious reason for the 
failure of the total elongation in the tension test to 
correlate with drawability lies in the fact that, as al- 
ready pointed out, the total elongation value includes 
both the uniform and the local or necking elongation. 
In a stretching type of sheet metal forming operation, 
it is more logical to expect a correlation of uniform 
elongation with performance. Once a pronounced neck- 
ing down or localization of deformation occurs in a 


forming operation, the useful limit of elongation has 
been reached, since the material at positions removed 
from the neck can no longer contribute to the overall 
deformation necessary to successfully form the part. 

The problem of bending provides another example of 
the lack of fundamental significance of total elongation 
in the tension test. In bending, the local elongation at 
fracture is of critical importance, and there is some 
evidence that the reduction of area in the tension test, 
which is a measure of the ability to deform locally, cor- 
relates with the ability of a material to be bent. This 
correlation is based on the fact that the peak elongations 
at fracture in the tension fibers of a bend approach the 
values of the local elongation in the tension test for 
the same material, provided the comparison is made 
on a true strain basis. 

The second example of service cited by Gillette, which 
involves ductility, is that in which the normal service 
calls for plastic extension. In many structural applica- 
tions, a small amount of local plastic extension may be 
very important in relieving local stress concentrations, 
thereby possibly preventing rupture. Readjustment of 
local stresses by local plastic flow may also occur in 
cyclic loading applications. Although the availability of 
sufficient ductility to permit these readjustments is very 
important, it is extremely difficult to predict just what 
amount of ductility is adequate. Again, the engineer 
must call upon his past experience and best judgment. 

Ductility is sometimes demanded as an “insurance 
factor,” that is, extra protection in the event of accidents 
or overloads. The ability to deform and absorb such 
overloads without rupture may be desired, although 
again the necessary amount of ductility may be un- 
predictable. Actually, what is required in this class of 
applications is the ability to absorb energy, or toughness, 
an attribute which depends not only on ductility but 
on strength as well. Toughness will be discussed in 
more detail in a subsequent section dealing with impact 
testing and notch toughness. 

In considering the significance of ductility, it is im- 
portant to recognize that ductility in the tension test, 
especially as measured by reduction of area, is strongly 
dependent upon microstructure and is considered, there- 
fore, to be a “structure sensitive” property. The tensile 
and yield strength, on the other hand, are less structure- 
sensitive. Tensile ductility, therefore, may provide a 
useful means of detecting the presence of undesired 
microstructures, particularly in heat-treated steels, 
which could result in inferior mechanical performance. 

In summary, it can be said that the tension test, if 
properly conducted and interpreted, is a very informa- 
tive and versatile test, providing information on both 
the strength and ductility properties of materials. In 
addition to the direct application of some of the tensile 
properties in design, the wealth of practical experience 
built up around the tension test makes it extremely 
useful in specifying materials for particular applications 
as well as in the control of the uniformity of material 
supplied for those applications. This practical experience 
also makes the tension test an extremely tiseful tool in 
the development of new and improved materials for 
applications on which previous experience is available. 


SECTION 3 

HARDNESS TESTING 

Hardness is a material characteristic which can per- manifested in a number of diiferent ways depending 
haps best be defined in terms of resistance to defor- upon the conditions to which the material is subjected, 
mation. The degree of boril niM Mi of a material can be In metals, the most commonly used measure of hardness 
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depends upon the resistance to penetration by a much 
harder body. Hardness may also be manifested as a 
resistance to abrasion or wear, as a resistance to cutting, 
as a resistance to crushing, as a resistance to deforma- 
tion as in tension or compression, as a manifestation 
of resilience, i.e., rebound hardness, and others. In this 
discussion, attention will be focused on the types of 
hardness tests which measure the resistance to penetra- 
tion under certain specified conditions, since these are 
by far the most widely used. 

The extremely wide use of hardness tests, especially 
in conjunction with the making, shaping, and treating 
of steel, can be attributed not only to the extreme sim- 
plicity of sample preparation and test procedure, but 
also to the close relationship between hardness and 
other mechanical properties. The best example of the 
correlation between hardness and other mechanical 
properties is provided by quenched and tempered steels, 
where a hardness measurement permits a good esti- 
mate of most of the other mechanical properties. Hard- 
ness tests are especially well adapted to checks of uni- 
formity of product, because of the great ease with which 
they can be made. If a process or treatment passes out 
of control, the departure from uniformity can frequently 
be detected in hardness changes in the product. It is 
primarily because of this usefulness in control of uni- 
formity that hardness testing is used so extensively in 
the steel industry. 

The two hardness tests used most widely are the 
Brinell test and the Rockwell test, each of these tests 
having been standardized by the American Society for 
Testing Materials. Because of their imiversal usage, 
these two tests will be described in considerable detail. 
Other types of hardness tests which have certain spe- 
cialized applications will also be discussed briefly. 

THE BRINELL HARDNESS TEST 

In the Brinell hardness test, which was proposed by 
Dr. J. A. Brinell of Sweden around 1900, a spherical 
ball, usually made of hardened steel, is forced into the 
specimen under a definite static load. The size of the 
resulting indentation provides a measurement of hard- 
ness as it is manifested under the particular conditions 
of the Brinell test 

A Brinell hardness tester consists of a device for 
applying a predetermined static load to the specimen 
through the indenter. One of the most commonly used 
types of Brinell machines is shown in Figure 49 — 15. 
In this machine, the load is applied hydraulically, and 
a weighted yoke is provided to prevent the maximum 
load desired from being exceeded. The yoke, which 
carries weights proportional to the desired load, acts 
on a small piston in the hydraulic system. As the pres- 
sure is increased by pumping, the load on the indenter 
and on the yoke piston will gradually increase until 
the yoke and weights float, indicating that the desired 
load has been attained. As long as the weights float, 
the load will remain constant. A Bourdon tube is usually 
provided for the purpose of giving an indication of the 
rate of loading and the approach to the desired testing 
load. If the parts of the hydraulic system are well made 
and the pistons accurately lapped, this type of machine 
will provide a very accurate load application and is 
much to be preferred to the use of a Bourdon gage 
alone. 

The standard indenter for the Brinell test used in this 
cotintry is a 10-millimeter spherical ball which is usu- 
ally made of hardened steel. For tests on extremely 
hard materials, cemented carbide balls may be em- 
ployed. According to the ASTM Standard for the 


Brinell test (A370-54T), a ball must not exhibit a 
permanent change in diameter greater than 0.01 mm. 
(0.0004 in.) when pressed with a force of 3000 kg. against 
^e test specimen. 

Once an indentation has been made, either its depth 
or diameter must be measured in order to obtain the 
Brinell hardness number. Measurement of depth of 
indentation, however, has never been approved as a 
standard method. The diameter is usually determined 
by a special measuring microscope which is fitted with 
a glass scale graduated in tenths of a millimeter. The 
depth of the indentation can be measured by a special 
device attached to the indenter. Although measure- 
ments of indentation depth can be made very rapidly, 
it has been found that, in general, hardness values de- 
termined on the basis of depth measurements are less 
reliable than those determined from diameter measure- 
ments. Unless great speed is desired, therefore, the 
diameter of the indentation should be used in deter- 
mining the Brinell hardness number. 



Fig. 49—15. Brinell hardness testing 
machine. (Courtesy, Tinius Olsen 
Testing Machine Company.) 

Brinell-Testing Technique—In selecting and prepar- 
ing the specimen for use in the Brinell test, a number 
of precautions should be observed. First of all, the speci- 
men must be thick enough that no anvil effect is en- 
countered. After a test, the side of the specimen opposite 
the impression must show no effect from the loading 
such as a local bulging. In order to avoid such effects, 
which may lead to fictitious hardness values, the thick- 
ness of the specimen should never be less than ten times 
the depth of the impression. Care should also be 
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taken that an indentation is not made too near the edge 
of the specimen. A distance from the specimen edge of 
not less than 2.5 times the diameter of the indentation 
should prove sufficient to eliminate edge effects. The 
specimen should be flat, and its surface should be suffi- 
ciently smooth that the periphery of the indentation ap- 
pears sharply defined under the measuring microscope. 
Another precaution which should be observed is con- 
cerned with spacing of multiple indentations. A spacing 
of at least two indentation diameters should be used in 
order to avoid testing metal which has been disturbed by 
a previous indentation. 

In the United States, the load for the Brinell test on 
iron and steel has been standardized as 3000 kilograms; 
for softer materials, a load of 500 kilograms may be 
used. In conducting the test, the prepared specimen is 
placed on the anvil, which is raised until the specimen 
is in contact with the penetrator ball, and the load ap- 
plied as smoothly as possible. The load is held for at 
least 10 seconds in the case of ferrous materials and for 
at least 30 seconds for softer metals. In order to be 
acceptable by ASTM standards, the load-measuring 
device should indicate actual loads within 3 per cent 
tolerance. 

In measuring the diameter of the indentation, most 
satisfactory results may be obtained by measuring in at 
least two directions and using the average in deter- 
mining the hardness number. If the indentation is not 
circular, a directional variation in hardness may be 
present in the material being tested. On the other hand, 
out of roundness of the indentation may also indicate 
deformation of the indenting ball. The ASTM Standard 
requires that if a ball is used in testing a specimen of 
greater than 500 Brinell hardness number, it should be 
checked for permanent set after each indentation. 

The Brinell hardness number is given by the quotient 
of the applied load and the surface area of the inden- 
tation, i.e., 

p 

Brinell Hardness Number (BHN) = -r- 

A * 

where P is the applied load in kilograms, and A is the 
area of the surface of the indentation expressed in 
square millimeters. It is important to note that the area 
referred to is the actual surface area and not the pro- 
jected area of the indentation. If “D” is the diameter 
of the ball indenter, and “d” is the diameter of the 
indentation as measured with the Brinell microscope, 
the Brinell hardness number will be given by the 
relationship 

BHN: 

where *‘P*’ is expressed in kilograms and “D” and “d” 
are expressed in millimeters. Tables have been calcu- 
lated from this equation for the standard test conditions 
of 500-kilogram and 3000-kilogram loads and the 10- 
millimeter ball. Hardness numbers are tabulated for a 
wide range of impression diameters, so that it is merely 
necessary to locate in the table the diameter measured 
in the test and to read the corresponding number. 

It may sometimes be desirable to obtain Brinell hard- 
ness values on very small specimens or thin specimens 
in which the standard loads and indenter would be too 
large to obtain a satisfactory test from the point of view 
of anvil or edge effects. In such instances, it is possible 
to obtain an approximate Brinell hardness number by 
reducing the size of the ball indenter, and at the same 
time reducing the applied load in proportion to the 


square of the reduction in diameter of the ball. In other 
words, comparable test results should be obtained with 
different sizes of indenting balls, provided the applied 
loads are in the same ratios as the squares of the diame- 
ters of the indenting balls. For iron and steel, where the 
standard conditions call for a 3000-kilogram load and 
a 10-millimeter ball, the load “P” which should be used 
for a ball diameter “D’* will be given by the equation: 
P D» 

3000 10' 

or 

P SOD* 

A test carried out under other than the standard condi- 
tions is not considered as standard by the ASTM, but 
is merely recommended as an alternate if the specimen 
size prohibits a standard test. From Table 49 — I, how- 
ever, it can be seen that it is possible to obtain consistent 
results under a wide range of test conditions. 


Table 49 — Results of Brinell Hardness Determinations 
Using Various Loads and Sizes of Indenters 


Diameter of 
Ball, mm. 

Load, kg. 

Diameter of 
Impression, 
mm. 

Brinell 

Hardness 

Number 

10.00 

3,000.0 

6.300 

85 

7.00 

1,470.0 

4.400 

85 

5.00 

750.0 

3.130 

87 

1.19 

42.5 

0.748 

86 


In considering the Brinell test, it should be remem- 
bered that the deformation of the indenter under load, 
in addition to a certain amount of recovery of the in- 
dented metal, prevents a perfectly spherical surface 
from being formed. When the indenting ball is pressed 
into the specimen, it tends to flatten to an extent which 
depends on the magnitude of the applied load, and thus 
creates a larger diameter of indentation than would 
have resulted had no deformation of the indenter oc- 
curred. This circumstance, of course, causes some error 
in the hardness tables, particularly at higher hardness 
levels. One of the principal reasons for standardizing 
on the size and characteristics of the indenting ball and 
on the magnitude of the applied load has been to cir- 
cumvent this difficulty; in reality, an attempt has been 
made to standardize the error. In the **Hardness Con- 
version Table for Steel” presented in the ASTM Stand- 
ards for Ferrous Metals, the effect of varying amounts 
of indenter deformation can be seen. Brinell hardness 
numbers are shown for standard steel balls, Hultgren 
balls (a cold- worked steel ball), and carbide balls for 
a 3000-kilogranA load. Up to 433 Brinell hardness, the 
values agree for all three balls. Above 433 BHN, the 
carbide ball deforms least and indicates the greatest 
hardness of any of the indenters. When the indicated 
hardness with the carbide ball is 517, it is only 505 witli 
a standard steel ball. Above 505 BHN no hardness values 
are given for the standard steel ball since in tests on 
harder materials it no longer conforms to the require- 
ments for permanent set. However, a comparison of the 
Hultgren ball with the carbide ball is given at a con- 
siderably higher hardness level. When the carbide ball 
indicates 656 BHN, the Hultgren ball results in a value 
of only 615. Undoubtedly, if a material such as diamond 
were used as an indenter, a still higher hardness would 
have been indicated. In attempting to compare results 
of tests above 433 BHN, therefore, it is important to take 
into accoimt the characteristics of the balls used in mak- 
ing the indentations. The type of ball used in tests at 
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high hardness levels diould always be designated in 
reporting test resiilts* 

THE ROCKWELL HARDNESS TEST 

The Rockwell hardness test, like the Brinell test, 
measures that aspect of hardness which manifests itself 
as a resistance to penetration. Because of its simplicity, 
accuracy, and extreme versatility, the Rockwell test 
is more widely used today than any other type of 
hardness test. A wide variety of testing conditions is 
available, which permits testing over a wide range 
of hardnesses and also permits testing of very thin 
materials. In the Rockwell test, in contrast to the Brinell 
test, the hardness numbers do not bear a mathematical 
relation to diameter of indentation but are dial divisions, 
which indicate the depth of Impression. Much of the in- 
accuracy associated with a measurement of total inden- 
tation depth is eliminated by the use of a differential 
depth measurement. The indenter is first seated by a 
minor load, after which a standardized major load is 
applied. It is the Increment in indentation depth pro- 
duced by the major load over that produced by the 
minor load which provides the basis of the Rockwell 
hardness. In this manner, the effects of small surface 
irregularities and surface disturbances caused by the 
indentation itself are eliminated and a very reproducible 
measurement is made possible. 

The Rockwell hardness machine which is shown in 
Figure 49 — 16 is a precision-built apparatus which per- 



Fzc. 49—16. Rockwell hardness test- 
ing machine. (Courtesy. Wilson 
Mechanical Instrument Div., 

American Chain and Cable Co., 

Inc.) 

mits the application of accurate, predetermined loads 
to standardized indenters, as well as a device for meas- 
uring the depth indentation produced. The load is ap- 
plied through a system of weights and levers, and the 
rate of loading is controlled by a dashpot mechanism 
which provides a smooth, steady application of load. A 
dial gage which indicates depth directly during the test 
is provided for measurement of indentation depth, thus 
eliminating a separate operation such as requir^ in 
the Brinell test. On the normal Rockwell machine, one 
dial division is equivalent to 0.002 millimeter penetra- 
tion. 

The penetrators whidi axe most frequently used are 


the spheroconical diamond penetrator and the Me*inch 
spherical steel ball, which are designated as the C-scale 
and B-scale penetrators respectively. The C-scale pene- 
trator consists of a conical portion with a spherical tip 
lapped tangent to the cone. The angle of the cone is 
120 degrees, and the radius of the spherical tip is 0.200 
millimeter. 

Specimen preparation for the Rockwell test is some- 
what more critical than for the Brinell test, since the 
size of the indentation is much smaller. The surface 
of the specimen should be smooth, clean, and dry, and 
if a high degree of accuracy is desired, polishing tl^ough 
2/0 or 3/0 metallographic paper is ad^sable. The surface 
to be tested should be free of scale and other foreign 
particles. The bottom surface should be reasonably i^at, 
parallel to the test surface, and should also be hee of 
scale or other matter which would tend to crush under 
the applied load. Pitted surfaces should be avoided. The 
presence of oil on the test surface will also tend to cause 
a low reading. The thickness of the specimen should be 
sufficient to prevent any anvil effect. It is desirable that 
no effect of the indentation be evident on the back side 
of the specimen, although if any such effect is not too 
pronounced, the hardness reading may not be greatly 
affected. It has been foimd in tests on specimens of 
commercially pure iron of Rockwell hardness B-35 that 
the readings were not affected by thickness down to a 
thickness of 0.040 inch, although the impressions showed 
through the specimen at 0.060-inch thickness. Although 
no definite procedure is specified by the ASTM, it is 
recommended that caution be exercised with respect to 
“anvil effect” 

When the specimen has been prepared, it is placed 
on the anvil of the machine ready for testing. The anvil 
is raised slowly until the Indenter is contacted, and 
continued to be raised until the minor load is applied. 
The small pointer on the machine dial shown in Figure 
49 — 17 indicates the application of the minor load. When 



Fzo. 49—17. Indicating dial on Rockwell 
hardness testing machine. (Courtesy. Wil- 
son Mechanical Instrument Div., American 
Chain and Cable Co., Inc.) 

the minor load has been applied, the hardness dial is 
set to zero on the scale being used, and the major load 
is applied. The rate of application ol major loa^ which 
can be controlled by adjustment of the daslq^t mecha- 
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THE DEPTH MEASUREMENT DOES NOT EMPLOY 
THE SURFACE OF THE SPECIMEN AS THE ZERO 
REFERENCE POINT AND SO LARGELY ELIMINATES 
SURFACE CONDITION AS A FACTOR. 


DIAL IS IDLE 



DIAL SET AT ZERO 


1 - 



PIECE BEING TESTED 


THIS Piece NOW HAS A 
FIRMSEATMQOUeiDMtH 

ORLOAO ^ 

PIECE BEING TtSTEO 


DIAL READS B-C PLUS A CON- 
STANT AMOUNT DUE TO THE ADCED 
SPRING OF THE MACHINE UNDER 
MAJOR LOAD, BUT WHICH VALUE 
DISAPPEARS FROM DIAL READING, 
WHEN MAJOR LOAD IS WITH- 
DRAWN. 


NOTE-THE SCALE OF THE DIAL IS REVERSED SO THAT A 
DEEP MPRESSiON GIVES A LOW READING AND A 
SHALLOW B8PRESSION A HIGH READING; SO THAT 
A HIGH NUMBER MEANS A HARO MATERIAL. 


WORK IS PLACED IN MACH- 
INE. 



GAGE READS B-0 WHICH IS 
ROCKWELL HARDNESS NUMBER 



DIAL IS IDLE 


SUPPLEMENT- 


ARY WEOHT 

1 

WITH- 

1 

DRAWN 




- - - - 




i^^^^p^VATING SCREW 

~~ 




^ . 1 1 1 


WHEEL TURNED, BRINGNG 
WORK UP AGAINST BALL 
TILL INDEX ON DIAL READS 
ZERO THIS APPLIES MINOR 
LOAD. 


IS. ' 



U BAR ON MACHINE HAS 
NOW BEEN PRESSED RE- 
LEASING MAJOR LOAD 


CRANK HAS BEEN TURNED 
WITHDRAWING MAJOR LOAD 
BUT LEAVING MINOR LOADi 


WHEEL HAS BEEN TURNED 
LOWERING PIECE. 


Fig. 4^18. Sketches illustrating principle of operation of Rockwell hardness testing machine. (Courtesy, Wilson 
Mechanical Instrument Div., American Chain and Cable Co., Inc.) 


nism, is very important and should be checked periodi- 
cally. The ASTM recommends that the travel of the 
operating handle of the machine be completed in four 
to five seconds, with a major load of 100 kilograms and 
with no specimen in the machine. The duration of major 
load application is also important, and should be con- 
trolled according to the procedures described in ASTM 
Specification E 18-55T. 

When the major load is removed, and with the mmor 
load still on, the hardness is read directly from the dial 
which is an integral part of the Rockwell machine. The 
scale of this dial is calibrated to read Rockwell hardness 
number directly, as already indicated. The dial is divided 
into 100 equal divisions on each of two scales, the “B” 
and “C” scales. In order to avoid confusion, the B-scale 
is printed in red, while the C-scale is printed in black. 
The B-scale also differs in that tlie zero is shifted 
counterclockwise 30 hardness points so that the marking 
for hardness of B-30 corresponds to that of C-0. In using 
other Rockwell scales on the standard machine, the red 
scale is always used with a ball penetrator and the black 
scale with the C-scale penetrator. The scale of the dial 
is numbered in such a way that low numbers correspond 
to deep impressions and relatively soft material, whereas 
a high hardness is indicated for a shallow indentation 
in harder material. The dial scale can be rotated manu- 
ally and can always be set exactly on zero just prior to 
application of the major load. This arrangement per- 
mits a direct reading of the increment of penetration 
produced by the application of the major load over that 
produced by the minor load. 

The principle of operation of the Rockwell testing 
machine can be seen from the series of sketches shown in 
Figure 49—18, which indicates the sequence of steps in 
a test in which the B-scale is employed. The operation 
is identical for other scales, with the exception of varia- 
tions in major load and indenter. 


Table 49 — Rockwell Hardness Scales 


Scale 


Major 

Dial 

Symbol 

Penetrator 

Load, kg. 

Figures 


Group One 


B 

Vio-in. ball 

100 

Red 

C 

Sphere- 

150 

Black 


conical 




diamond 




Group Two 


A 

Sphero- 

conical 

diamond 

60 

Black 

D 

Sphero- 

conical 

diamond 

100 

Black 

E 

Vh -in. ball 

100 

Red 

F 

Mo-in. ball 

60 

Red 

G 

Mo-in. ball 

150 

Red 

H 

Vs -in. ball 

60 

Red 

K 

Vs -in. ball 

150 

Red 


Group Three 


L 

Va -in. ball 

60 

Red 

M 

V 4 -in. ball 

100 

Red 

P 

Va -in. ball 

150 

Red 

R 

^ -in. baU 

60 

Red 

S 

^ -in. bail 

100 

Red 

V 

% -in. ball 

150 

Red 
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In Table 49 — n, the variotis standard Rockwell scales 
are listed. As already indicated, the “B” and “C” scales 
are most widely used. The B-scale is used in what might 
be considered a medium hardness range, and is espe- 
cially useful in testing low-carbon and medium-carbon 
steels in the annealed condition. The Mo-inch diameter 
hardened steel ball, used as the penetrator in the B-scale 
test, is carried in a special chuck which permits rapid 
change of balls. The ball must not differ by over 
± 0.0001 inch from its nominal diameter, and must not 
show a variation of over ±0.00002 inch in diameter 
within itself. 

The C-scale is the scale used most frequently for 
hardness above C-20. There is some overlapping in a 
number of the Rockwell scales, and for the sake of 
accuracy, it is desirable to select a scale such that the 
test value will fall in the middle of the scale range. In 
making B-scale tests, the steel ball tends to flatten at 
hardnesses of 100 and above, while at very low hardness 
near B-0, the impression is so deep that the cap holding 
the ball may contact the specimen surface and affect 
the reading. Likewise, in using the C-scale indenter at 
hardnesses below C-20, the impression is so deep that 
inaccuracies which may exist in the upper portion of 
the cone may affect the readings. 

Rockwell Superficial Hardness Tests — It is frequently 
necessary to obtain a hardness value under conditions 
which prohibit the use of other than an extremely shal- 
low indentation. The Rockwell superficial hardness 
tester has been developed for such applications. This 
test operates on the same principle as the regular Rock- 
well test, but utilizes much lighter loads and a more 
sensitive dial gage. The superficial test is particularly 
useful in hardness determinations on very thin strip, on 
nitrided or lightly carburized surfaces, and on very 
small parts or parts shaped In such a manner that they 
would collapse under the heavy load used in the stand- 
ard test. The small indentation is also frequently useful 
in obtaining hardness readings very close to the edge 
of an object where an edge effect would affect the read- 
ing in a regular lest. 

Two types of indenters are used in superficial hard- 
ness testing. One indenter is the same Mo-inch diameter 
ball used in the standard test, and is used in superficial 
tests on the softer metals, such as brasses, bronzes, and 
unhardened steel. The superficial hardness scales using 
this indenter are designated by “T.” In superficial tests 
on harder materials, a diamond penetrator having the 
same configuration as the standard C-scale penetrator 
is used, the only difference being a more accurate finish- 
ing to final dimensions. This penetrator is designated as 
the “N diamond,” and the corresponding hardness scales 
are referred to as “N” scales. Table 49 — III shows the 
various superficial hardness scales, with the indenters 
and major loads used in each. It will be noted that major 
loads of 15, 30, and 45 kilograms are used. The minor 
load in every instance is 3 kilograms. Each scale division 


Table 49— m. Rockwell Superficial Hardness Scales 


Major 
Load, kg. 

Prefix Symbols 

N or 
Dia- 
mond 
Scale 

T 

Scale, 

Mn^in. 

Ball 

W 

Scale, 

%-in. 

Ball 

X 

Scale, 

y4-in. 

Ball 

Y 

Scale, 

M-in. 

Ball 

15 

15 N 

15 T 

15 W 

15 X 

15 Y 

30 

30 N 

30 T 

i 30 W 

30 X 

30 Y 

45 

45 N 

45 T 

45 W 

45 X 

45 Y 
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on the hardness dial represents 0.001 millimeter penetra- 
tion, as compared to 0.002 mm. on the regular dial. 

Specimen preparation for the superficial test is very 
critical, and polished surfaces are advisable. Specimens 
should be flat and free from dirt and foreign matter on 
both upper and lower surfaces. Test blocks are available 
for standardization as for the regular Rockwell test. 

Superficial hardness numbers are prefixed by a num- 
ber indicating the major load used and a letter desig- 
nating the indenter. For example, if a reading of 42 were 
obtained in a test using the N-diamond and a 30- 
kilogram major load, the hardness would be designated 
by Rockwell 30N-42. If the Mo-inch ball had been used, 
on the other hand, the hardness would be indicated as 
Rockwell 30T-42. 

THE VICKERS OR DIAMOND PYRAMID 
HARDNESS TEST 

The Vickers hardness test is another of the class of 
tests which measures resistance to penetration. It is 
similar in principle to the Brinell test, but utilizes a 
different indenter and different magnitudes of loads. The 
indenter used in the Vickers test is a square-based dia- 
mond pyramid, and the hardness value obtained when 
using this penetrator is frequently referred to as the 
diamond pyramid hardness. The angle between opposite 
faces of the pyramid is 136 degrees, which was chosen 
so that the Vickers hardness scale would correspond 
approximately to the Brinell scale. This choice is based 
on the fact that it is recommended that loads be used 
in the Brinell test which result in indentations having 
diameters in the range of 0.25 to 0.50 times the ball 
diameter. The average of this range is 0.375 times the 
ball diameter, and if tangents are constructed to an im- 
pression of this size at the specimen surface, it will be 
found that the angle between the tangents is 136 degrees. 

In making the Vickers test, the indenter is forced into 
the specimen and the diagonals of the square impression 
measured and averaged. From the known geometry of 
the indenter, the surface area of the indentation can be 
calculated once the diagonals have been measured. The 
diagonals are measured rather than the sides of the im- 
pression in order to obtain greater accuracy. The dia- 
mond pyramid hardness number is then calculated as 
the ratio of the applied load to the surface area of the 
impression. For the 136-degree square-based pyramid, 
the hardness can be calculated from the formula; 

Diamond pyramid hardness == 1.854 , 

where is the load in kilograms applied in making 
the indentation, and “D” is the average of the measured 
diagonals of the indentation expressed as millimeters. 

The principal advantage of the diamond pyramid type 
of test is that geometrically similar indentations are al- 
ways obtained regardless of the load applied. This useful 
characteristic of the impression geometry is not obtained 
with the spherical indenter, since the ratio of impression 
diameter to depth varies with the actual depth of the 
impression. In the discussion of the Brinell test, it was 
shown that, in order to make tests on thin material, it is 
not possible merely to decrease the load, but that it is 
also necessary to decrease the diameter of the indenter 
in proportion to the square root of the change in load in 
order to obtain a comparable hardness value. Since 
geometrically similar indentations are always obtained 
with the pyramidal indenter, decrease in load permits a 
satisfactory test on thin material, thus permitting the test 
to be applied over a wide range of thicknesses and over 
a wide range of hardnesses. 
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Specimen surface preparation is very important for the 
Vickers test, md for very light loads should approach a 
metallographic polish. It is also recommended that the 
thickness of the specimen be at least 1.5 times the 
diagonal of the indentation. The Vickers test is especially 
useful at high hardness levels because the diamond in- 
denter deforms very little as compared to the balls used 
in the Brinell test. Up to about 300 Brinell hardness, 
Vickers numbers and Brinell numbers are practically 
identical. Above 300, the Vickers number becomes ap- 
preciably higher, partially because of the deformation 
of the Brinell ball and partiaUy because of the shallow- 
ness of the Brinell impressions, which causes the 136- 
degree conical impression to be no longer comparable to 
the spherical impression. 

Tor certain types of research work where especially 
reliable hardness values are desired, the Vickers test has 
seen considerable use. For general utility, as in rapid 
production testing, however, the Rockwell test is more 
commonly used. 

MISCELLANEOUS HARDNESS TESTS 

When a property is difficult to define and arbitrary 
tests must be devised to measure it, almost certainly a 
multitude of tests will be proposed. Hardness is no ex- 
ception, and a great deal has been written about the 
various hardness tests which have been devised. Each of 
these tests attempts to measure some particular aspect of 
hardness which the proponent of the test considered to 
be of importance, A few of the more important miscel- 
laneous methods of measuring hardness will be men- 
tioned briefly primarily for purposes of identification. 

a. The Shore Sclcroscopo Test — ^This test, which 
operates on the rebound principle, was introduced com- 
mercially about 1907, shortly after the advent of the 
Brinell test. It was used to a considerable extent for 
many years as a supplement to the Brinell test. The ad- 
vantages claimed for the scleroscope are its portability 
and the small size of indentation made. The portability 
feature permitted the testing of massive objects which 
otherwise could not be readily tested. A small smooth 
spot was prepared, the scleroscope placed over it and a 
reading taken. The small impression made by the tester 
also made it suitable for testing finished articles on 
which a large indentation would have been undesirable. 

The scleroscope itself consists of a small diamond- 
tipped hammer enclosed in a glass tube which is pro- 
vided with a suction bulb whereby the hammer may be 
raised to the top of the tube and dropped from a fixed 
and predetermined height. When the hammer is dropped 
on the object being tested, it rebounds to a height which 
is considered as a measure of hardness. If the impact 
were perfectly elastic, the hammer would rebound to its 
original height. A slight amount of energy will be dis- 
sipated in deforming the specimen, however, and this 
energy is not available for the rebound. A scale is pro- 
vided on the instrument for measuring the height of the 
rebound, the imits of the scale being obtained by divid- 
ing the average rebound from quenched high carbon 
steel into one hundred equal parts. In one model the 
height of rebound is determined by careful observation, 
while another model is equipped with an indicating dial. 

In making the test, precautions must be taken that the 
specimen is solidly supported, the sound of the impact 
providing some indication of the solidity. The specimen 
surface must, of course, be smooth and flat. The tube of 
the scleroscope must be vertical and the surface being 
tested must be horizontal so that true vertical impact 
and rebound can be obtained. 

The scleroscope is not used as much as in the past 


because the advantages once held over the Brinell test 
do not hold over newer types of tests. Furthermore, the 
nature of rebound hardness is not as well imderstood as 
indentation hardness. Perhaps the principal use of the 
scleroscope test has been in testing the surface hardness 
of rolls for rolling mills. Most other testing machines 
have the disadvantage that the throat is not sufficiently 
large to accommodate a large roll, whereas the sclero- 
scope can be placed directly on the roll surface. 

It is of interest to note that the rebound principle has 
also been utilized in establishing a go-no go gage for the 
hardness of steel balls. Balls are allowed to fall from 
an incline onto a hardened steel anvil. The balls rebound 
into two bins, one placed above the other, so that hard 
balls rebound into the top bin and softer balls rebound 
into the lower bin. 

b. The Penetrascope— This instrument is a portable 
hardness tester which is similar in principle to the 
Vickers test in that a square-based 136-degree pyrami- 
dal diamond is utilized as an indenter. The operation of 
the Penetrascope consists of application of a load on the 
specimen through the indenter and the measurement of 
the diagonal of the resulting square indentation. The 
load is applied by a hydraulic thrust unit and can be 
varied through a range up to 40 kilograms. The measure- 
ment of the diagonal is made using a microscope with 
an adjustable opening consisting of movable knife edges. 
The adjustment of the knife edge opening operates a 
micrometer counter so that the diagonal can be meas- 
ured to an accuracy of 0.001 mm. The diamond pyramid 
hardness number is obtained from the length of the 
diagonal by reference to a table. 

The indenter is mounted on a turret along with the 
microscope for alignment of either component over the 
test area. The diamond indenter may be interchanged 
with one and two mm. diameter ball-type indenters. 

The instrument is attached to the work with a chain 
clamp, “C” clamp or an electromagnetic base. With these 
clamping devices the instrument can be adapted for 
testing various dimensions and shapes. 

The usefulness of the Penetrascope lies in the fact that 
with it a tool is available in the shop having the re- 
liability and simplicity of the Vickers test plus the 
adaptability of securing diamond pyramid hardness re- 
sults directly from the product. These features are par- 
ticularly advantageous in inspection of those products 
having special requirements of relatively high surface 
hardness, such as the working surface of cold-reduction 
rolls or teeth in hardened gears. Since the instrument 
provides a means of measuring hardness directly on the 
surface of the product it also furnishes a means of not 
only maintaining process control but also of improving 
the effectiveness of the control of variables that influence 
surface hardness. 

c. File Hardness — ^Hardness testing with a file is an old 
and crude method of measuring relative hardness, but 
one which can be useful in the hands of an experienced 
operator. A standard file is rubbed against the surface to 
be tested. If the file does not bite, the piece is designated 
as file hard* The test is, of course, greatly dependent 
upon the human factor and can only be considered use- 
ful where relatively large differences in hardness are of 
interest. 

d. The Monotron Hardness Test— In this test, the load 
required to produce an indentation of fixed depth is 
measured. The standard penetrator is a hemispherical 
diamond of 0.75-millimeter diameter which is forced into 
the specimen to a depth of 0.045 millimeter. The hardness 
is read in Brinell units directly from a dial on the ma- 
chine while the load is on the specimen. The test can 
be made on a surface which has had no special prepara- 
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tion by using a preloading arrangement which seats the 
indenter. The basic principle of the Monotron test is 
that the same size of indentation is always obtained so 
that the strain distribution in the specimen is always 
the same. The contribution of work hardening to the 
measured hardness is thereby controlled to some degree. 

e. The Cloudburst Tester — ^The principal use of the 
cloudburst tester is in determining the uniformity of 
hardness over a relatively large area of surface. Es- 
sentially, the cloudburst process is simply a shot-peening 
process in which the intensity of peening can be ad- 
justed. The surface of the object being tested is sub- 
jected to a rain of small balls Vs inch in diameter. The 
force of impact is adjusted to a point so the impact just 
fails to indent material of the desired hardness. Softer 
areas will then be delineated by peening marks. The 
original cloudburst machine was also used as a shot 
peener for the purpose of surface hardening. 

I, The Telcbrinellcr (or Brincll Meter) — ^This instru- 
ment is a portable hardness tester consisting of a rubber 
anvil containing a 10-mm. Brinell ball that protrudes 
through the base of the anvil, and a V 2 -inch square steel 
bar, of known hardness, that is inserted into the anvil to 
back up the Brinell ball. To obtain a hardness number 
the tester is held in such a way that the ball is between 
the bar of known hardness and the specimen. The anvil 
is struck a sharp blow with a hammer and the diameters 
of the indentations made in the bar and the specimen 
are measured. 

The Brinell hardness number of the specimen is then 
determined by multiplying the ratio of the diameter of 
impression in the test bar to the diameter of the impres- 
sion in the specimen by the Brinell hardness number of 
the test bar. This calculation is done on a hardness cal- 
culator furnished with the instrument. 

The instrument is used in determining the hardness of 
large castings, railroad rails, pipe, etc. 

g. Microhardness Tests — Although the applications of 
microhardness testing are highly specialized, more and 
more applications are being found, and many special 
problems can be studied with this type of test. One of the 
primary uses of a microhardness tester is in fundamental 
studies of the hardness of various phases in the micro- 
structure of a metal. By the use of very light loads, ex- 
tremely small indentations can be placed in different 
phases in the microstructure and their differences in 
hardness determined. Extremely small scale variations 
in hardness such as variations across the diameter of 
very fine wire or across the thickness of very thin sheet 
can also be measured. 

Several microhardness testers are on the market, but 
perhaps the most widely used of these is the Tukon 
tester. The indenter provided with this machine is 



Fig. 49->X9. Microhardness tests of various layers in gal- 
vanized sheet steel. 


known as the Knoop indenter, a pyramidal type of in- 
denter which was developed by the National Bureau of 
Standards. The indentation produced is a long, narrow, 
diamond-shaped impression. It is claimed that the ad- 
vantage of this indenter lies in the fact that elastic re- 
covery along the long axis of the indentation is very 
small, thus reducing variation from this source, which 
could be especially troublesome at very low loads. Hard- 
ness numbers are based on the long dimension of the 
indentation and are calculated as the ratio of the in- 
denting load to the projected area of the indentation. 
An application of the Knoop indenter to a study of the 
variation of hardness in the various layers of a gal- 
vanized steel sheet is shown in Figure 49 — 19. The Tukon 
tester can also be fitted with the Vickers type of diamond 
pyramid, so that ordinary diamond pyramid hardness 
numbers can be obtained. 

Another principle of microhardness measurement is 
utilized in the microcharactcr. The microcharacter is a 
small, cubically pointed diamond mounted under a very 
light load. A scratch is produced on a polished specimen 
by drawing the specimen under the diamond, and the 
width of the scratch is measured under a microscope. 
Variations in scratch width indicate variations in hard- 
ness, the narrower the scratch the higher the hardness. 

Hardness Conversion Tables — It is evident from the 
descriptions of the various methods of hardness testing, 
that each test possesses certain inherent advantages. The 
choice of test for a particular hardness determination 
will depend on a number of factors, including the size 
of specimen and the hardness level. Frequently it may 
be desirable to convert a hardness reading obtained on 
one scale, say Rockwell “C,” to some other scale, say 
Brinell hardness, for purposes of comparison with other 
data. Hardness conversion tables have been prepared for 
this purpose. The Society of Automotive Engineers, 
American Society for Metals, and American Society for 
Testing Materials have jointly prepared a set of con- 
version data for steels harder than 220 BHN, which is 
presented in Table 49 — IV. Considerable discretion must 
be exercised in making hardness conversions, and par- 
ticular care must be taken with regard to testing details 
if reliable conversions are to be made. Hardness con- 
version tables for other metals, including austenitic 
stainless steels, can be found in ^e ASM Handbook. 

Significance and General Utility of Hardness Tests— 
It has been seen that the most widely used hardness tests 
measure resistance to penetration under certain arbi- 
trarily chosen conditions. In forcing a penetrator into a 
metal specimen, the metal in the vicinity of the penetra- 
tion is plastically deformed, in order that the penetrator 
can be accommodated. The factors controlling the 
amount and distribution of this plastic deformation are 
very complex and no exact quantitative analysis of the 
penetration of a metal by any shape of indenter has been 
developed. Qualitatively, however, it can be seen that 
resistance to penetration is a measure of resistance to 
plastic flow and should be related in some manner to 
the stress-strain curve of the material being tested, i.e., 
to the strength and strain-hardening properties of the 
material. In general for steels, a good correlation has 
been found to exist between hardness and tensile 
strength. A particularly close correlation exists in 
quenched and tempered steels where, in addition, yield 
strength and ductility can also be predicted reasonably 
well from hardness measurements. For this reason, the 
hardness test is of particular value in the field of heat- 
treatable steels. 

In the making, shaping, and treating of steel products, 
the most extensive use of the hardness test is for in- 
spection and control of uniformity. A good example of 
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such use is provided by the extensive use of hardness 
tests in the production of deep-drawing sheets. It is 
usually known from experience that the hardness must 
be within a certain range if the sheet is to successfully 
form a certain part. Because of the great ease of making 


hardness tests on sheet products, very frequent tests can 
be made to assure that all the product is within the de- 
sired hardness range. Most uses of hardness tests are of 
a similar nature, depending upon a combination of ease 
of testing and correlation with other properties. 


SECTION 4 

NOTCHED-BAR IMPACT TESTS 


Ihe notched-bar impact test is, as the name implies, 
a test in which a bar containing a notch is supported as 
a beam and subjected to the impact from a moving mass 
having sufficient kinetic energy to break the bar. The 
energy absorbed by the specimen is measured by the loss 
in kinetic energy of the moving mass. Notched-bar im- 
pact tests were originally conceived with the idea of pro- 
viding an indication of the ability of a material to absorb 
punishment tuider very severe service conditions. 
Notches or stress concentrations of one kind or another 
are present in most structures and, generally, are the 
origin of structural failures. It was suggested that the 
capacity of a material to absorb energy in the notched- 
bar impact test should indicate the ability of the material 
to absorb energy in the event of overloading in a struc- 
tural member and the ability to resist failure at local 
stress concentrations. In recent years, the notched-bar 
impact test has taken on a more general significance, 
in that attention has come to be focused on the variation 
of energy absorption with temperature, rather than on 
the absolute level of energy absorption at a single testing 



Fxo. 49—20. Sonntag pendulum impact testing machine. 
(Courtesy, The Baldwin-Lima-Hamilton Corp.) 


temperature. Many steels exhibit a rapid drop-off in the 
level of energy absorption in some critical temperature 
interval as the testing temperature is lowered. As will be 
discussed in more detail in a subsequent section, the 
temperature range in which this abrupt decrease “in 
energy absorption occurs provides much more informa- 
tion about the notch-toughness characteristics of a steel 
than the energy absorption at a single temperature. 

Impact-Testing Methods — The details of impact test- 
ing procedures are described in a tentative ASTM speci- 
fication designated as E 23-47T. The most generally used 
impact testing machines are of the pendulum type such 
as shown in Figure 49—20. In this type of machine, the 
impact energy is furnished by the swing of a weighted 
pendulum. The available energy depends, therefore, on 
the effective mass of the pendulum and its velocity at 
impact. The point of impact is usually situated at the 
bottom of the swing, at which point the pendulum has 
attained its maximum velocity. The available kinetic 
energy at this point is equivalent to the potential energy 
just before the start of the swing. If the pendulum were 
allowed to swing through its arc freely without striking 
a specimen, it would rise to the height from which it had 
been released, neglecting the effects of friction and air 
resistance. If a specimen is struck, the pendulum loses 
the amount of energy required to break the specimen 
and will not swing to the full height from which released. 
The amount by which the pendulum fails to reach its 
original height provides an easy method for the meas- 
urement of the energy absorbed by the specimen. 

The two principal types of notched-bar or notched- 
beam impact tests are the simple beam test and the 
cantilever beam test, the former being generally referred 
to as the Charpy type and the latter as the Izod type. 
The methods of supporting and striking the specimen in 
each type of test are shown in Figure 49—21. Actually, 
the simple beam, or Charpy type of test, is used more 
extensively because of its greater convenience for other 
than room-temperature tests. The Izod type of test is 
impractical for controUed-temperature tests. In the 
Charpy type of test, it is a simple matter to transfer the 
specimen from a controlled-temperature bath to the 
anvil support and to break it in a sufficiently short time 
that no appreciable temperature change occurs. The 
Izod test has the added disadvantage that even in room- 
temperature tests, each individual specimen must be 
clamped and undamped in the support, causing a con- 
siderable loss of time. 

The types of specimens which are used in the simple 
beam type of notched -bar impact test are shown in 
Figure 49 — ^22. The keyhole-notch specimen is a very 
^dely used impact specimen and that upon which most 
impact specifications have been based in the past. The 
V-notch specimen is coming into wider usage, however, 
^d its use is now required in many impact specifica- 
tions. The details of impact-test specimen preparation 
are of considerable importance in that, in some tempera- 
ture regions of testing, the degree of scatter of test re- 
sults may be increased by improper attention to speci- 
men preparation. The most critical part of the impact 
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Fjc. 49—21. Method of striking and supporting Charpy an< 

specimen is the root of the notch, and it is especially 
important that the finish of the notch surface be free of 
pronounced machining marks and excessive cold work 
from the machining operation. The base of the notch 
should be accurately parallel to the back face of the 
specimen, and the specimen should be square, so that 
fracture will not start at a comer of the notch surface. 
In notching the keyhole specimen, a hole is drilled at the 
proper location and a slot sawed or milled to the hole. 
Special care should be exercised that the saw or cutter 
does not accidentally bite the bottom of the notch, since 
the notch contour will be drastically altered. In the 
V and U notches shown in Figure 49 — 22, special at- 
tention should also be given to machining marks, since 
such marks will be disposed parallel to the notch axis 
and thus are more effective as stress raisers. 

In an actual impact test, the pendulum is raised to its 
release position, the specimen placed on the anvil, the 
pendulum released, and the energy absorption noted. 
Details of machine calibration and precautions to be 
exercised in the use of pendulum impact machines can 
be found in the ASTM Specification E 23-47T already 
mentioned. 

Since a great deal of impact testing is conducted at low 
temperatures, it is important to consider some of the 
methods employed in obtaining controlled testing tem- 
peratures. As already mentioned, the simple beam type 
of specimen is best adapted to low-temperature tests, 
since it can be cooled in a bath of the desired tempera- 
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ture and readily transferred to the impact machine and 
broken in a very short time. Temperatures between 
212 ®F and 32 ®F can be obtained by water baths 
properly heated or cooled. The volume of the bath 
should be relatively large compared to the volume of 
specimens introduced, in order to make the bath tem- 
perature more stable. The bath temperature is also 
stabilized by efficient insulation of the bath container. 
Stirring of the bath is recommended in order to mini- 
mize temperature gradients. 

Temperatures from 32 ® F down to about —110 ® F can 
be obtained conveniently by the use of dry ice as a 
refrigerant. Acetone is frequently used as a bath with 
dry ice. The dry ice can be introduced directly into the 
acetone bath, the resulting bubbling action providing 
rapid temperature equalization. Below —110 ® F, it is 
customary to use liquid nitrogen as a refrigerant. The 
container carrying the specimen bath may be immersed 
in liquid nitrogen until the bath temperature is lowered 
to the desired point; an alternative procedure involves 
passing liquid nitrogen through a copper coil immersed 
in the bath to be cooled. If testing is being carried out in 
a well ventilated room, inflammable liquids may be 
used for the bath, provided proper fire precautions are 
taken. Iso-pentane is frequently used as a cooling bath, 
permitting temperatures down to about —255 * F to be 
reached. It is important to point out that the use of liquid 
air in conjunction with inflammable liquids is extremely 
dangerous, and very severe explosions have occurred 
under these conditions. For optimum safety conditions 
when using either liquid air or liquid nitrogen, it is 
recommended that some non-inflammable bath be used 
for the lower temperature ranges of testing. 

A series of commercial refrigerants marketed imder 
the trade name of Freon possesses a number of excellent 
characteristics for low-temperature testing. Freon is 
non-inflammable, non-toxic, and non-corrosive. The 
particular Freon compouncl (CCIF) designated as 
Freon 11 has a freezing point of —168 ® F and a boiling 
point of about 75 ® F. Freon 12 (CClaF*) has a freezing 
point of —252 ® F and a boiling point of —22 ® F. The 
principal disadvantage of this material is its low boiling, 
point, which necessitates considerable special handling 
equipment. Freon 13 (CC1*F») freezes at —296® F, thus 
permitting testing in the interval between the freezing 
point of Freon 12 and the boiling point of liquid nitrogen. 
Boiling liquid nitrogen is frequently used as a bath giv- 
ing a testing temperature in the neighborhood of 
—315 ® F, and in a few instances boiling liquid hydrogen 
has been used for tests at — 423 ® F. 

For low-temperature tests, the bath should be located 
near the testing machine and arranged so as to permit 
the most rapid transfer of specimens from batli to ma- 
chine. It is desirable to use tongs that are of the bath 
temperature to avoid conducting heat into the specimen. 
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It should be possible to complete the test in from three 
to five seconds from the time of removal of the specimen 
from the bath, in which time the specimen temperature 
will have changed only very slightly. In tests at liquid 
nitrogen temperatures, the evaporation of the liquid on 
the specimen carried out of the bath may actually lower 
the surface temperature of the specimen to a slight ex- 
tent. 

Significance and Interpretation of Notched -Bar Impact 
Test Results — ^Before attempting to evaluate the signifi- 
cance of any notched -bar test, it is of the utmost im- 
portance to recognize that the behavior of a metal in 
such a test is strongly dependent on the geometry of test 
piece, rate of loading, and temperature of testing chosen 
as the basis of the test. Because of the extremely com- 
plex interrelationships among these variables, results 
obtained in some particular test cannot be translated 
directly, at least in our present state of knowledge, to a 
service application in which the conditions of loading are 
altogether different. Even if the energy-absorbing ca- 
pacity needed in structures for safe performance could 
be estimated, which is rarely the case, the energy ab- 
sorption in a notched-bar impact test could not be used 
directly as a design figure because of the lack of similar- 
ity of geometry and loading conditions. Impact specifica- 
tions are, therefore, usually based on experience or 
engineering estimates, as has been seen to be the case in 
so many other mechanical-property specifications. Most 
impact-strength specifications are written in such a way 
as to specify the minimum energy absorption required, 
as, for example, 15 foot-pounds in the Charpy keyhole- 
notch test, at the minimum service temperature to be 
encountered. Although a steel passing such a specifica- 


tion would probably perform better in service than one 
which did not pass, it must be recognized that passing 
does not necessarily assure the desired service per- 
formance. This uncertainty arises directly from the dif- 
ferent geometry and loading conditions encountered in 
service, which are likely to be more severe than those in 
the small test piece used in the customary notched-bar 
impact tests. 

The need for deriving a more general significance from 
notched-bar impact tests is obvious in view of such un- 
certainties as to the meaning of the results. The concept 
of the “transition temperature” does much to provide 
this more general basis of interpretation, not only for 
notched-bar impact tests, but for all other notch tough- 
ness tests. If a series of notched -bar impact tests is ma<je 
on a ferritic steel at successively lower temperatures, it 
will be found that a temperature or temperature range 
will be reached where a very rapid decrease in energy 
absorption occurs. This is called the transition tempera- 
ture or transition temperature range. Below this range, 
the energy absorption is very low, and the behavior is 
said to be brittle. Above the transition range, the energy 
absorption is relatively high, and the behavior is said to 
be tough. It is this transition from tough to brittle be- 
havior that is now considered the crux of all notched- 
bar testing. The transition temperature provides the 
least uncertain basis for the comparison of the notch 
toughness characteristics of dilTerent steels. Two steels 
which would be considered alike in room temperature 
tests might be found to be markedly dilTerent, if com- 
pared on the basis of transition temperature, as can be 
seen in Figure 49 — 23. If tests are made at any single 
temperature above or below the transition range of both 



Fig. 49—23. Schematic transition curves for two steels having same energy absorption at 
room temperature. 
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steels, it can only be concluded that the two steels are 
alike. 

What, then, is the significance of the transition tem- 
perature with respect to service behavior? In structures 
such as welded ship hulls or welded pressure vessels, 
where a high degree of continuity exists in the strength 
members, rapidly propagating brittle-type fractures 
have in a number of instances resulted in complete 
structural failures. Presumably, if the construction ma- 
terials had possessed greater toughness or energy- 
absorbing capacity under the design and loading condi- 
tions existing at the time of failure, the initiation of the 
fracture would have been prevented. It can be said that 
for the particular conditions existing at the time of 
brittle failure, the material which failed was below its 
transition temperature. In practically all of the brittle 
types of structural failures, the material involved ex- 
hibited entirely normal properties in the ordinary ten- 
sion test, including a large amount of ductility. In spite 
of this fact, very little evidence of ductility could be 
found in the structural failures. 

As already indicated, the temperature range of transi- 
tion from tough to brittle behavior is markedly depend- 
ent upon the degree of restraint or state of stress im- 
posed on the material. Sharper notches tend to raise the 
transition temperature; i.e., brittle behavior can be ex- 
pected to occur at higher temperatures. Since extremely 
sharp notches and high degrees of restraint exist in most 
structures, particularly in welded structures having a 
high degree of continuity, the range of transition from 
tough to brittle behavior for most service conditions lies 
at higher temperatures than in the Charpy keyhole- 
notch test. This fact is extremely important, since it im- 
mediately follows that tough behavior at a certain tem- 
perature in a Charpy keyhole-notch impact test does 
not necessarily insure tough behavior at the same tem- 
perature in service. Because of the greater notch 
severity, the Charpy V-notch impact test shows a higher 
transition-temperature range, and would, therefore, be 
expected to correlate more closely with actual service. 
This indeed appears to be the case, as evidenced by many 
tests on steels of known service performance. The 
Charpy V-notch test is coming to be used more widely, 
and may well replace the keyhole-notch test in many 
specifications. 

In attempts to correlate notch tests with service as well 
as with one another, it is essential that two types of 
transition behavior be recognized. In notched test speci- 
mens, a change in fracture appearance from a fibrous 
(shear mode) to a granular (cleavage mode) fracture 
occurs over a certain temperature range as the testing 
temperature is lowered. The temperature at some arbi- 
trary point within this temperature range has been 
called the fracture-transition temperature. A drop in 
total energy absorption also occurs over the fracture 
transition range, but in many types of test specimens the 
energy absorbed at the temperature at which predomi- 
nantly granular fracture is obtained is still appreciable. 
In this event, as the temperature is lowered stiU further, 
the energy absorbed continues to decrease. For some 
specimens and for some steels, a point is reached at 
which the energy absorbed drops suddenly to an ex- 
tremely low value. This latter drop in energy, when it 
occurs, may be called the transition to brittle behavior, 
or, for simplicity, the ductility transition. 

A performance curve showing both a fractiu'e transi- 
tion and a ductility transition might look like the solid 
cu^e sketched in Figure 49—24. The drop in energy at 
I*! is associated with the change in fracture appearance 
which occurs at this temperature. The drop at Tt repre- 
sents the transition to brittle behavior. Tie dotted curve 
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Fig. 49—24. Types of transition curves. 


of Figure 49 — 24 represents an instance in which no 
sharp ductility transition is obtained as for V-notched 
Charpy specimens. In this case, the evaluation of per- 
formance would have to be based upon some arbitrary 
low level of energy. 

The cleavage mode of fracture is characterized by the 
separation of two portions of a crystal normal to some 
definite plane in the crystal. The separation of layers of 
mica or the cleavage of ordinary rock salt are examples 
of this type of fracture. A cleavage fracture in a ferritic 
steel exhibits a shiny, crystalline appearance because the 
fracture occurs essentially along a single plane in each 
ferrite grain, thus exposing a series of bright crystalline 
facets. The shear type of fracture, on the other hand, 
occurs by a sliding action; i.e., two portions of the grain 
separate by sliding over one another. The shear fracture 
is generally associated with greater amounts of plastic 
deformation than the cleavage fracture, especially dur- 
ing the propagation of the fracture. This results in a 
dull, fibrous appearance in the shear fracture. In general, 
therefore, the fibrous fracture can be interpreted as 
denoting a high energy absorption during crack propa- 
gation, whereas, the granular or crystalline fracture is 
associated with a very low energy absorption during 
crack propagation. It is for this reason that the latter 
type of fracture can be propagated at extremely high 
velocities and over great distances in a structure before 
the applied loads can be relieved. 

The fracture transition, then, is regarded as being re- 
lated to the ability of the material to resist rapid crack 
propagation. The ductility transition, on the other hand. 
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Fxg. 49—25. Typical transition curve for Charpy keyhole- 
notch impact tests on a mild steel. (After R. W. Vender- 
beck and M’. Gensamer; **The Welding Journal Research 
Supplement/* January, 1950.) 
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is related to the ability of the material to resist the initia- 
tion of a brittle fracture. 

Since the transition from tough to brittle behavior in 
the impact test occurs over a range of temperature and 
the test results characteristically show considerable 
scatter in this range, some arbitrary method of defining 
the transition temperature or the transition-temperature 
range is necessary. A typical set of Charpy keyhole- 
notch impact data is shown in Figure 49 — 25 . A pro- 
cedure which is sometimes used to determine the 
ductility-transition temperature involves drawing an 
envelope about the results, as shown in Figure 49 — 25, 
and selecting a temperature near the middle of the en- 
velope. Another procedure sometimes followed involves 
plotting the average energy absorption at each testing 
temperature and selecting the temperature at which the 
average curve crosses a selected energy level. It should 
be noted that the width of the scatter band will depend 
on the number of tests and the intervals between testing 
temperatures, but that the position of the middle of the 
scatter band will be less sensitive to these effects. Care 
should, of course, be taken that sufficient tests are made 
in the transition range that the middle of the range can 
be established within some predetermined number of 
degrees. 

The results of Charpy V-notch impact tests are some- 
what different in character, in that the transition from 
high to low energy absorption occurs over a wider tem- 
perature interval than observed for the keyhole speci- 
men, as shown in Figure 49 — 26. The ductility-transition 
temperature is usually selected as the temperature at 
which a curve drawn through the average energy- 
absorption values reaches some selected low-energy 
level. The energy level selected is based on service ex- 
perience or correlation with other tests. For rimmed and 
semikilled medium-carbon steels, a level of 10 to 15 ft. 
lbs. appears to give the best correlation with service 
performance. Other levels may be required, however, 
for other steels. 

The fracture-transition temperature is usually based 
on some predetermined percentage of cleavage fracture. 
In some tests, where the fracture and ductility transi- 
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Fic. 49—26. Typical transition curve for V-notch Charpy 
impact tests on carbon steel. 

tions are clearly separated, the fracture transition is also 
delineated by the change in energy absorption associated 
with the change in mode of fracture. 

In conclusion, it can be said that the importance of 
the notched -bar impact test lies in its ability to dis- 
criminate between steels of varying susceptibility to 
brittle fracture, providing the results are interpreted on 
the basis of the temperature range of transition from 
tough to brittle behavior. The test is an extremely useful 
tool in the development of new and improved products 
with greater notch toughness, because of the possibility 
of detecting differences in materials which are not mani- 
fested in other tests, such as the tension test. Of par- 
ticular value is the ability of the test to reflect differences 
in notch toughness caused by differences in steelmaking 
practices, as, for example, differences in deoxidation 
practice. Furthermore, on the basis of empirical corre- 
lations of Charpy V-notch impact-test results with 
service performance, it is now possible to evaluate with 
considerable reliability the suitability of steels for serv- 
ice in which a brittle-fracture hazard exists. 


SECTION 5 

FATIGUE TESTING 


In a great many types of service applications, steel 
parts are required to withstand repeated or cyclic stress- 
ing; moving parts of machinery such as shafts, connect- 
ing rods, gears, etc., are examples of such applications. 
It has long been recognized that failures can occur in a 
machine part imder repeated stress application at 
stresses well below those which the part is capable of 
withstanding under static load application. The failures 
which occur under repeated or cyclic stressing are re- 
ferred to as fatigue failures. The importance of fatigue 
failures is well attested by the large percentage of fail- 
ures in machine elements which are attributable to 
fatigue. It has been estimated that over 80 per cent of the 
failures in machines are a direct result of fatigue action. 

Fatigue failures are progressive in nature, in that a 
crack is formed at some local spot or nucleus on the sur- 
face of the part after a certain number of load reversals, 
and is gradually propagated across the part. Finally, the 
remaining section becomes so small that it can no longer 
CAiry the applied load and complete failure ensues. A 
fatigue fracture generally appears brittle, even in metal 
which would be considered quite ductile in an ordinary 
tension test; the bright facets of the fracture led to the 


erroneous concept that the metal had “crystallized.” The 
extremely localized nature of the fatigue failure is one 
of its most distinguishing characteristics and one which 
must be constantly kept in mind in considering the 
danger of fatigue. 

Fatigue failures can almost always be traced to a 
nucleus whicli is situated at some surface irregularity, 
such as a notch, a scratch, a flaw, or an abrupt change 
in section. It is evident, therefore, that the specific de- 
tails of design and loading are of paramount importance 
in establishing the fatigue life of a particular part. The 
environment of the part is another aspect of the service 
conditions which is of great importance in establishing 
fatigue life in service. If the environment is at all cor- 
rosive, the fatigue resistance can be greatly impaired. 
It is obvious that the fatigue problem provides an ex- 
cellent example of the importance of evaluating the 
actual service conditions to which a material is to be 
subjected, as discussed in the introduction to this chap- 
ter. Considerable data have now been accumulated 
which indicate that, if the actual loading conditions in 
the critical area of a part are accurately determined, the 
fatigue life of a particular material in that part can be 
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Fic. 49—27. R. R. Moore fatigue-test- 
ing machine. (Courtesy, The Bald- 
win-Lima-Hamilton Corp.) 


predicted from simple laboratory tests. This conclusion 
has been reached on the basis of a comparison of results 
pf both full-scale fatigue tests on actual parts, and serv- 
ice performance, with results on simple laboratory 
specimens. 

The types of fatigue tests which are to be discussed 
here are those small-scale laboratory tests which are 
employed primarily to study materials, as opposed to 
tests of actual parts. Applicability of the results to serv- 
ice performance will be subject to the considerations of 
:he relationship between test and service conditions 
nentioned above. It will be assumed that the tests to be 
iiscussed are at least capable of rating the relative 
iatigue properties of materials, and that, by properly 
aking into account particular service conditions, they 
nay in many cases be directly applicable for design 



Fic. 49—28. Schematic loading arrangements 
for: (A) R. R. Moore and (B) cantilever- 
type of fatigue-testing machines. “S” in- 
dicates specimen and ‘T’* indicates load, 
in both cases. (From “Manual on Fatigue 
Testing/’ published by American Society 
for Testing Materials, 1949.) 


purposes. Since so many of the applications to which 
steels are subjected involve repetitive loads, fatigue 
testing is considered of great importance since it is the 
only reliable method for evaluating the suitability of 
steels for this type of service. 

Types of Fatigue Tests — ^The most commonly used 
type of fatigue test is the rotating-beam test, in which 
the specimen is subjected to a bending moment while 
being rotated. Any given fibre of the specimen is thus 
subjected alternately to compression and tension stresses 
of equal magnitude. One widely used machine of this 
type is the R. R. Moore machine shown in Figure 49 — 27. 
A schematic diagram of the loading arrangement is 
shown in Figure 49 — 28A, from which it is evident that 
a uniform bending moment is applied over the length of 
the specimen. Another type of rotating bending test 
utilizes a cantilever loading arrangement shown sche- 
matically in Figure 49 — 28B. 

Another important type of fatigue test is the repeated 
bending or direct flexure test, in which the specimen is 
bent back and forth but not rotated. This type of test is 
particularly useful in the testing of specimens of flat 
rolled products. The direct flexure test has the further 
advantage that surface preparation of the specimen is 
not necessary, thus permitting the test to be made on 
specimens having the actual surface to be exposed in 
service. The mechanical type of machine shown in 
Figure 49 — 29 introduces the load into the specimen, 
which is fixed at one end, through an adjustable crank. 

Direct flexure tests may abo be of the resonant fre- 
quency type, in which the specimen is vibrated at its 
fundamental frequency by some oscillating applied 
force. Because of the characteristics of resonant vibra- 
tions, very small forces applied at or near the resonance 
frequency of the specimen are capable of producing 
large amplitudes of vibration and correspondingly high 
stresses. Some resonant frequency machines make use 
of an oscillating magnetic field tunable to the resonant 
frequency of the specimen. The specimen is supported at 
the nodes and vibrates as a free-free beam. By taking 
advantage of Resonance vibration in this manner, speci- 
mens of relatively large cross-section can be tested 
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Fig. 49—29. Krouse direct flexure fatigue-testing machine. (Courtesy, Krouse Testing 
Machine Company.) 


would require very large machines if direct me- 
chanical loading were employed. Other resonant fre- 
quency machines make use of mechanical rather than 
magnetic oscillators. 

For certain types of fatigue, it may be desirable to 
conduct tests under direct, or axial loading conditions, 
i.e., tlie load is applied directly along the axis of the 
specimen. One of the major considerations in the design 
of axial- load fatigue machines is the provision of a load- 
ing arrangement which will insure the application of a 
truly axial load. Eccentricity of loading introduces 

Table 49 — ^V. Effect of Surface Condition on 
Endurance Limit 


Moore & Kommers, 
rotating beam 


0.49% C quenched and 
drawn, 197 Brinell steel 


Finidi 

Endurance Limit, 

(Lb. per Sq. In.) 

High polish (long.) 

51,000 

00 Emery 

48,000 

Ground 

45,000 

Smooth turned 

43,000 

Rough turned 

42,000 


Thomas, rotating cantilever 


0.33% C steel 


Finish 

Endurance Limit, 

(Lb. per Sq. In.) 

High polish (long.) 

41,500 

FF Emery 

40,500 

No. 1 Emery 

40,000 

Coarse emery 

39,000 

Smooth file 

38,500 

Turned 

36400 

Bastard file 

35400 

Coarse file 

33,000-34.000 


bending moments in the specimen and may have a very 
pronounced effect on the observed fatigue properties. 
Most axial-load machines are designed so that tests can 
be conducted in which the mean stress is not zero, i.e., 
in which the stress is not completely reversed. In many 
service applications, a part may not be subjected to 
alternate compressive and tensile stresses of equal mag- 
nitude, as is the case in the rotating beam type of test. 
For example, the stress may vary from zero to a maxi- 
mum of 10,000 lb. per sq. in. tensile stress, in which case 
the fatigue properties are quite different than if the 
loading produced a range of stresses from 10,000 lb. per 
sq. in. in compression to 10,000 lb, per sq. in. in tension. 
It should be pointed out that the direct flexure test also 
affords some possibility of variation in mean stress. In 
some types of direct-flexure machines, it is possible to 
bend the specimen back and forth about an average 
position different from its equilibrium position, thus ar- 
riving at an average stress other than zero. 

As already indicated, the environment to which a part 
is subjected can exert a profound influence on the ob- 
served fatigue behavior. If corrosive conditions are in- 
volved in a cyclic loading application, it is necessary to 
conduct the fatigue test under the same corrosive con- 
ditions. Usually, the standard types of machines and 
specimens are used in corrosion-fatigue testing, it 
merely being necessary to provide a jacket about the 
specimen suitable for carrying the corrosive medium. 

In the planning of corrosion fatigue tests, it is impor- 
tant to consider the relationship of testing frequency and 
rate of corrosion and to maintain a similar relationship 
to that existing in service. 

Fatigue-Testing Specimen Preparation— The most 
critical aspect of fatigue testing is the preparation of the 
test specimen. As already pointed out, fatigue behavior 
is very sensitive to surface conditions, and unless ex- 
treme care is taken in surface preparation, large scatter 
and unreliable results can be expected. Table 49— V 
gives some indication of the effect of surface finish on 
observed endurance limit for a steel. In the preparation 
of cylindrical specimens for use in rotating bending tests, 
the specimen is first rough machined, great care being 
taken to obtain a concentric test section in order that 
the stresses can be calculated accurately. Following the 
rough machining operation, a finish machining cut is 
taken. This finishing operation should be made with a 
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Fig. 49-30. Sketch illustrating rotating-beam fatigue 
specimen (R. R. Moore type). (Prom “Manual on Fa- 
tigue Testing/’ pubUshed by American Society for Test- 
ing Materials, 1949.) 


sharp tool and a light feed in order to prevent bending, 
overheating, or excessive cold working of the specimen. 
For steels harder than about Rockwell C-40, grinding 
should be used for the finishing operation. The finishing 
cut should aUow about 0.003 inch to 0.005 inch on the 
diameter for polishing, which is the next step in the 
specimen preparation. In order to carry out this opera- 
tion successfully, it is important to recognize that this 
polishing is actually a cutting and not a buffing opera- 
tion. Buffing may cold work the surface layers of the 
specimen sufficiently to affect the test results. A wide 
variety of polishing procedures are employed in different 
laboratories, but, in general, fatigue specimens are 
polished by a series of alternate circumferential and 
longitudinal polishing operations in which successively 
finer abrasives are employed. In each stage, the scratches 
from the previous operation are completely removed, the 
iinal polishing being carried out in the longitudinal di- 
rection of the specimen, since longitudinal scratches are 
less harmful than those in the circumferential direction. 
The specimen is generally rotated slowly in a lathe 
during polishing, about five stages being used in the pol- 
ishing operation. One criterion of satisfactory polish. 


recommended by some laboratories, is that the surface 
produced should be satisfactory for metallographic ex- 
amination at 100 magnifications. One of the types of spec- 
imens commonly used in rotating-beam tests are shown 
in Figure 40—30. In fatigue tests on notched specimens, 
great precautions must be taken in preparation of the 
root of the notch. The root of the notch should be very 
carefully lapped with a rotating, abrasive-bearing wire 
of the same radius as the notch root* Lapping should be 
continued until all circumferential scratches left by the 
machining operation have been removed. 

In testing specimens of flat-rolled products, it is 
generally desired to include the actual surface of the 
manufactured product in the test, especially if this is 
the surface to be exposed in service. If such is the case, 
no extensive surface preparation is needed. It is de- 
sirable, however, to remove burrs from the edges of 
the specimen and to produce a very slight chamfer or 
radius of about 0.005 inch on the comers. Such a pro- 
cedure will usually eliminate spurious edge effects 
which could affect the final results. 

Presentation of Fatigue-Test Data— Data on the 
fatigue strength of metals are generally presented in 
the form of so-called “S-N” diagrams, in which fatigue 
life is plotted as a function of the applied stress. Such a 
diagram is shown in Figure 49 — 31. Test results are 
shown as open circles. It is convenient to use a logarith- 
mic scale in x>loiting the number of cycles, since the 
duration of tests at low stress levels may extend to 
hundreds of millions of cycles. Most steels exhibit what 
is known as a fatigue limit or an endurance limit, i.e., 
a limiting stress below which an infinite number of 
stress cycles can be endured. The value of the endurance 
limit is the fatigue characteristic most frequently re- 
ported for steels. In some applications, such as aircraft 
parts, however, steels may be used at stresses above their 



Fig. 49—31. Typical S-N diagram for a steel having a definite endurance limit. 




912 THE MAKING, SHAPING AND TREATING OF STEEL 


endurance limit in order to permit savings in weight. 
Such parts are removed from service after some period 
of use based on some selected number of stress cycles. 
It is important to know, therefore, the highest value of 
stress which the material can withstand without failure 
for a given number of cycles. This value of stress is 
known as the fatigue strength, and is used not only for 
steels above the endurance limit but also in describing 
the fatigue characteristics of materials which do not 
show a true fatigue limit, such as austenitic stainless 
stceb. Another fatigue characteristic sometimes re- 
ported is the fatigue life at some given stress level. For 
example, a part may be required to operate at a certain 
stress level. It then becomes necessary to select a ma- 
terial which can endure this stress for the greatest 
number of cycles. 

In experimental determination of the endurance limit, 
it is customary to make the first test at a stress level well 
above the endurance limit, and to gradually lower the 
stress level in subsequent tests until the endurance limit 
is reached. If the approximate value of the endurance 
limit is not known beforehand, a tension test can be 
made, and the first fatigue test made at a stress level 
corresponding to about two-thirds of the tensile 
strength. It is obviously important to make the first tests 


at high stress levels, since initial tests at stresses below 
the endurance limit are of very little value, because the 
proximity of a selected stress to the value of the en- 
durance limit cannot be ascertained. 

The S-N diagram for steels consists of a sloping por- 
tion and a horizontal portion corresponding to the en- 
durance limit. For steels in a medium range of hardness, 
the knee of the curve will generally occur somewhere 
between one million and ten million cycles, so that an 
endurance limit value based on ten million cycles is 
usually satisfactory. Fifty million cycles may be some- 
what more reliable, however, and judgment based on 
experience with the shapes of S-N diagrams for various 
materials should be used in selecting the maximum 
number of cycles for the series of tests to determine tjje 
endurance limit. 

Significance of Small-Scale Fatigue Tests — There has 
been much discussion in recent years of the applicability 
of fatigue data derived from tests on small, highly pol- 
ished bars to the prediction of fatigue life in service. 
One extreme point of view has been that such data are 
practically worthless and may even rate materials in 
the wrong order with respect to their service perform- 
ance. This appears to be an unduly pessimistic attitude, 
especially in view of certain recent researches which in- 


140 

130 

120 

I 10 




TENSILE STRENGTH ~ 1,000 LB. PER SO. IN. 


Fig. 4S— 32. Endurance limit as a function of tensile strength for polished, notched and 
corroding specimens. (From ‘'Prevention of Fatigue of Metals.” by the staff of Battelle 
Memorial Institute. Published by John Wiley & Sons, Inc., New York, 1941.) 
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dicate that if the service conditions are properly 
analyzed and if the state of stress at the critical point of 
a part is known, the endurance limit of the part can be 
related to that determined in a simple polished-bar test. 
Fatigue tests on full-sized automobile parts have pro- 
vided the basis for this conclusion. It should not be in- 
ferred from these remarks, however, that results of 
polished-bar tests should be applied indiscriminately to 
predictions of service behavior. Frequently, the service 
conditions will be so complex as to preclude the possi- 
bility of accurate analysis. In this event, the only alter- 
native is a simulated service test. 

In general, the endurance limits of structural steels 
vary in a fairly regular way with tensile strength. An 
outstanding exception is provided by certain steels such 
as Bessemer steel or some of the high-strength low- 
alloy, phosphorus-bearing steels, in which the ratio of 
yield strength to tensile strength is higher than that 
normally foimd in most steels. In these steels, the en- 
durance limit is relatively high for a given tensile 
strength, which may indicate that endurance limit is 
more closely related to the yield point than to tensile 
strength. The endurance ratio is defined as the ratio of 
the endurance limit to the static tensile strength and 
is in the neighborhood of 0.50 for most steels. Figure 
49 — 32 is a schematic diagram for ordinary steels in- 
dicating the general relationship between endurance 
limit and tensile strength for polished specimens, se- 
verely notched specimens, and corroding specimens. 

In considering the effect of notches on fatigue, it is 
customary to use as a measure of the notch effect the 
fatigue strength reduction factor, which is usually desig- 
nated as Kf, and is defined as the ratio of the fatigue 
strength of a member or specimen with no stress con- 
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centration to the fatigue strength in the presence of 
stress concentration. It is obvious that the strength re- 
duction factor has no meaning except in terms of a 
specific notch geometry. A concept of notch sensitivity 
originated by Peterson relates the strength reduction 
factor Kf to the theoretical stress concentration factor 
Kt resulting from the notch. Kt is the ratio of the maxi- 
mum stress in a notched section to the nominal or aver- 
age stress across the entire section computed from 
mathematical analyses or determined experimentally. 
Peterson defines notch sensitivity by a “q” factor which 
depends on the relative values of Kt and Kt in the 
following way: 

Kf-1 

Notch sensitivity according to this definition varies from 
zero (where Kf = l) to unity (where Kf — Kt). This 
concept is useful in describing the reaction of a material 
to notches of varying degrees of severity. Since most 
actual parts subjected to cyclic loading actually contain 
stress concentrations of some type, it is important that 
the effect of notches on fatigue properties be considered. 

In summary, it can be said that small-scale tests are 
very useful in comparing the behavior of different mate- 
rials under repeated stress and can be used in studies 
of the effects of metallurgical variables on fatigue char- 
acteristics. Such tests not only form a useful guide in 
the development of new materials of improved fatigue 
strength, but also permit the evaluation of various sur- 
face treatments such as carburizing, nitriding, shot 
peening, cold rolling, etc. The effect of different environ- 
ments on fatigue behavior also can be studied conven- 
iently in laboratory tests. 


SECTION 6 

HIGH-TEMPERATURE TENSION, CREEP, RUPTURE AND HARDNESS TESTING 


The design of load-bearing structures for service at 
atmospheric temperature is generally based on the yield 
strength — or for some applications, on the tensile 
strength — determined in the ordinary room-temperature 
tension test. In service at ordinary temperature with a 
design stress determined in such a way, the metal be- 
haves essentially in an elastic manner, that is, the struc- 
ture undergoes an elastic deformation immediately upon 
load application and no further deformation occurs with 
time; when the load is removed the structure returns to 
its original dimensions. 

At elevated temperature the behavior is different. A 
structure designed according to the principles employed 
for atmospheric temperature service continues to de- 
form with time after load application, even though the 
design data may have been based on tension tests at the 
temperature of interest. This deformation with time is 
called creep, since at the design stresses at which it was 
first recognized it occurred at a relatively slow rate. A 
somewhat similar, though not exactly analogous, phe- 
nomenon is the flow of tar under its own weight on a 
warm day. A detailed discussion of the subject of creep 
has been presented by Smith. 

When creep was originally encountered — the subject 
first received experimental attention only several dec- 
ades ago — it was logical to decrease the stress to a 
sufficiently low value that creep would not occur. Much 
of the early work was devoted to such an effort. It was 
discovered, however, that such a limiting creep stress 
was lower the greater the sensitivity of the measuring 
apparatus and that quite low stresses would have to be 


employed to preclude the occurrence of measurable 
creep. In fact, the required stresses were so low and the 
section size correspondingly so large that the applica- 
tion of metals to high-temperature service was appreci- 
ably retarded. Accordingly, a new and more rational 
technique of design was developed and is now em- 
ployed. This recognizes the existence of creep and is 
concerned not with avoiding its occurrence, but with 
limiting it to tolerable values within the contemplated 
service life of the structural member. 

The rate of creep depends, for a given material, upon 
the stress, temperature and history of the material. 
Accordingly, the function of the creep-testing laboratory 
is to determine the dependence of creep upon such 
variables. 

The possibility that creep may continue until fracture 
occurs raises another limitation in addition to that of 
the allowable deformation. In the use of metals at 
elevated temperature, not only must the design stress 
be chosen so that the deformation shall not exceed a 
limiting amount for the contemplated service life, but 
also it must be such that fracture will not occur. This 
latter characteristic is empirically related to the former. 
The variation of time for fracture or, as it is more com- 
monly called, rupture, is determined in the so-called 
rupture test. 

THE HIGH-TEMPERATURE TENSION TEST 

The most common method for measuring the strength 
of metals is the tension test, which provides useful 
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Fic. 49—33. Elevated -temperature tension- test equipment showing specimen ready for 
testing in hydraulic tension test machine. Temperature control equipment at left. 


information up to the temperature at which creep is en- 
countered. The special techniques involved in perform- 
ing the tension test at elevated temperature are covered 
by ASTM Specification E 21-43. Elevated temperature 
tension tests are made in conventional tension testing 
machines. The specimen is heated by a furnace sup- 
ported on one column of the machine, the furnace being 
free to swing into and out of axial position. Figure 49 — 33 
shows a general view of the equipment, including tem- 
perature controls. 

Tests may be made on either bar or thin fiat stock. 
For bar tests a 0.505-inch diameter specimen with 
threaded ends is gripped within the furnace; for sheet 
tests a longer specimen having a reduced gage section 
at mid-length is gripped outside the furnace. 

The extension is recorded autographically by an 
extensometer, designed for this specific purpose, used 
in conjunction with a standard autographic recorder 
of the Selsyn motor type. With such equipment, accu- 
rate determinations of high-temperature yield strength 
may be made up to about 1400 * F. This is well above 
the maximum temperature at which short-time yield- 
strength data should be used for design purposes; for 
high -temperature applications more reliable design in- 
formation is obtained from creep or creep-rupture tests. 
Measurement of tensile strength, omitting determination 
of yield strength, may be made up to 2400 ® F. While 
of no particular value for design purposes, information 
on tensile strength, elongation and reduction in area at 
these very high temperatures is often useful as a guide 
for hot- working operations or for studying structural 
changes within the material. 

The results of a series of elevated temperature tension 
tests on carbon steel and a wide variety of alloy steels 
are summarized in Figure 49 — 34. The strength of metals 
usually decreases with increase of temperature, but it 
will be seen from Figure 49—34 that the strength of plain 
carbon steel actually increases as the temperature of 
test is raised from room temperature to about 500 *'F. 


This increase of strength and the accompanying decrease 
of ductility in certain steels is called “blue brittleness,” 
because in this temperature range, the oxide film which 
forms on the steel has a bluish tinge. With further in- 



TEMP TEMPCIUTUIIE - OEO. f. 

Fxo. 49—34. Tensile strength of various steels as measured 
at temperatures between room temperature and 1500*F. 
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crease of temperature, the strength of the material 
decreases, until at about 700 • F, the strength is approxi- 
mately the same as that at room temperature, after 
which the strength continues to decrease with increasing 
temperature. The increase of strength at 400* to 600* F 
is believed to be due to a selective segregation of carbon 
and nitrogen atoms during the progress of the tension 
test, and is usually called “strain-aging.” The segrega- 
tion, which may result in a special type of precipitate, 
is so small in amount that it cannot be detected \mder 
the electron microscope. The chemical composition of 
the precipitate is unknown. 

THE CREEP TEST 

Since strain hardening by cold working is progressive 
in steel stressed at temperatures below 700 “ to 800 • F, 
and since creep is small and occurs at a decreasing rate 
at these moderately elevated temperatures, the tension 
test suffices for determination of strength values for 
design purposes in a temperature range from room 
temperature up to about 700 * F. Above this temperature, 
steel will flow continuously imder the applied load and 
design cannot be based on the yield strength or propor- 
tional limit as measured by the tension test. The rate of 
flow or creep rate is related to the stress, and the pur- 
pose of the creep test is to determine the stress which 
will result in a given creep rate. 

The method of measuring creep resistance is simple 


enough in principle, but in practice it requires consider- 
able laboratory apparatus, and great care and precision 
in its operation. Disregarding for the moment the exact 
type of apparatus, the following fundamental steps are 
almost universally employed. The specimen is held at a 
constant temperature in an electric furnace, and is sub- 
jected to a static tensile load. The load causes the speci- 
men to elongate gradually, and the amount of elongation 
is measured periodically. The total elapsed time of each 
test may be a matter of hours, weeks or months. Some 
creep tests have been rim for more than ten years. In 
this country, the customary testing time is from 1000 
to 3000 hours. The general method for creep testing is 
covered by ASTM Specification E 22-41. 

At the E. C. Bain Laboratory for Fundamental Re- 
search at the United States Steel Research Center, 
Monroeville, Pa., there are six stands for creep tests, 
twelve stands for rupture tests in air, and two stands 
for rupture tests under an inert atmosphere or vacuum. 
A general view of these facilities including some of the 
temperature-control equipment is shown in Figure 
40—35. The specimen of steel to be subjected to creep 
testing is machined to the shape shown in Figure 49—36. 
Indicating arms are attached to the specimen to bring 
the amount of elongation taking place in the gage length 
to a common point for measurement with a micrometer 
microscope. The assembly is then screwed into cast 
alloy-steel pull rods, and the whole unit is slipped into 
a tubular electric resistance furnace. The specimen is 








Fia.4»-85. Ctenenl view of creep ai^ n»pture te^«qu^n«n 

Bnenerrh at the United States Steel Beaearefa Center, Monroeville, Pa. 


E. C. !*■«" Laboratory for Fundamental 
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Fic. 49—36. Creep specimen (bottom) and assembly used at the E. C. Bain Laboratory 
for Fundamental Research at the United States Steel Research Center, Monroeville, Pa. 


held in a steel framework (Figure 49 — 37) . It is anchored 
at the bottom, and attached to a lever at the top. When 
the specimen is loaded by hanging weights on the lever, 
the extension taking place in the specimen is brought 
to a single point by the indicating arms (Figure 49 — 36) , 
on each of which is welded a platinum reference surface 
carrying engraved reference marks in the form of 
crosses. One surface moves vertically relative to the 
other, and by measuring the relative vertical displace- 
ment of the reference marks with a microscope carrying 
a micrometer eyepiece, the amount of elongation which 
has taken place in the specimen may be measured to an 
accuracy of about ± 0.00002 inch in direct reading. The 
operator is shown making a test measurement in Figure 
49—38. 

The temperature of the specimen should be held 


within ±: 1 ° F over the gage length and from day to day 
during the 3000-hour (4V2-month) test period, since a 
change of as much as 2 “ F may cause enough thermal 
expansion or contraction to introduce an error into the 
readings. Such accuracy is necessary, since the amoimt 
of flow which can be tolerated in commercial parts 
operating at elevated temperature is very small — from 
a fraction of 1 per cent up to 1 per cent in 10 or 15 years 
— and accurate measurements of creep rates of 0.1 per 
cent or 0.01 per cent per 1000 hours must be made within 
the test period. 

When the change of length taking place in the speci- 
men from day to day is plotted against the elapsed time, 
a creep curve is obtained, whose typical form is shown 
in Figure 49 — 39. When the load is first applied, an im- 
mediate elastic extension (A) occurs. Then the speci- 



Fic. 49—37. Diagrammatic representation of creep and rupture test 
stand. 
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Fig. 49 — ^38. Creep test mi- 
croscope in position for 
making measurements 
through window in wall 
of furnace at the E. C. 
Bain Laboratory for 
Fundamental Research 
at the United States 
Steel Research Center, 
Monroeville, Pa. 






men stretches gradually, at a decreasing rate, during 
the “first stage” of creep (B). The rate then becomes 
constant for a period of time during the “second stage” 
of creep (C) . Hie slope of the creep curve in this second 
stage is the creep rate commonly used for design pur- 
poses. Finally, if the load or temperature is high enough, 
or the time long enough, the creep rate increases in the 
“third stage” (D), leading to fracture of the specimen. 
At the end of the testing period, if fracture has not 
occurred, the load is removed and elastic contraction (E) 
occurs, corresponding approximately to the elastic ex- 
tension found upon application of the load at the start 
of the test. Thus, it is apparent that metals creeping 
under stress at high temperature can and do show 
both plastic and elastic properties simultaneously. The 
amount of permanent deformation is represented by (F) . 

The exact shape of an individual creep curve depends 
on the stress employed and upon the temperature, as 
well as upon the composition and structure of the metal. 
While elastic extension is always found at the beginning 
and elastic contraction is always found at the end of the 
creep test, it is rare in any one test to find periods of 
decreasing, constant, and increasing creep rate. An ac- 
tual creep curve for a steel at 1000 • F under a tensile 
load of 10,000 lb. per sq. in. is shown in Figure 49—40. 



ELAPSED TIME - HOURS — > 

F^g. 4SL-39. Schematic creep curve. Exten- 
sion plotted against elapsed time. (A) Elas- 
tic extension; (B) creep at decreasing rate; 

(C) creep at approximately constant rate; 

(D) creep at increasing rate; (E) elastic 
contraction; (F) permanent change of 
length. 
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Fio. 49—43. Effect of stress 
on time for rupture of 
18-8 Mo (Type 316) steel 
at various temperatures. 
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stronger than others over the period of the test, but 
they tell little that is not revealed by a high-temperature 
tension test. Hatfield’s time-yield and the standard Ger- 
man creep test, which deal with the amount of creep 
between the thirtieth and fortieth hours after loading, 
obviously cannot show the effect of a structural change 
which would not occur at the test temperature until 
several weeks after application of the load. Extrapo- 
lation from such short-time creep tests generally results 
in an over-estimate of the creep strength of the material 
under investigation. 

THE RUPTURE TEST 

The rupture test (sometimes called the stress-rupture 
or creep-rupture test) is identical with the creep test, 
except that the loads and consequently the creep rates 
are higher, and the test is carried to failure of the mate- 
rial. The apparatus for carrying out the rupture test is 
usually the same as that employed for the creep test, 
except that a different instrument is used for measure- 
ment of the elongation. In the creep test, the total strain 
is usually less than 0.5 per cent, while in the rupture 
test the total strain may amount to as much as 50 per 
cent or more. The rate diu*ing the second stage of creep 
may be measured as in the customary creep test and 
when the rate and corresponding stress are plotted on 
a log-log diagram, extrapolation to a lower creep rate, 
such as the standard 1 per cent per 10,000 hours, will 
give a fair prediction of the creep behavior of the mate- 
rial (Figure 49 — 42) . This appears to be about the most 
reliable method of predicting long-time creep behavior 
from short-time tests, and has proved to be quite useful 
in preliminary surveys of the creep behavior of new 
materials being considered for elevated-temperature 
service. 

In reporting rupture data, it is customary to plot the 
applied stress against the time for failure on log-log 
coordinates as shown in Figure 49 — 43. It has been found 
that after a certain time, the type of fracture changes 
from predominantly transgranular to predominantly 
intergranular, that is, from rupture primarily through 
the grains to separation primarily along the grain 
boundaries. Although this change is frequently associ- 
ated with the increase in the downward slope of the 
log stress-log rupture time curve, convincing proof of 
such relationship is still lacking. Because of the change 
In slope, however, it is desirable to carry the rupture 
tests out to a considerable time period. Rupture values 
are usually reported as the stress for fracture in 1(K), 
1000, 10,000, or 100,000 hours. 

THE HIGH-TEMPERATURE HARDNESS TEST 

The high-temperature hardness test is one ^ various 
elevated-temperature mechanical tests which has not 


been widely used, but which promises to be valuable 
as a tool in determining the high -temperature behavior 
of metals. Two test methods have been developed for 
determining the hardness at elevated temperatures, one 
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Fig. 49 — 45. Relation between hot hardness and ultimate 
tensile strength for several ferritic and au.stenitic steels. 

employing static loading and the second employing 
dynamic loading. A certain degree of standardization 
of test equipment employing static loading has been 
in evidence recently; in addition, refinements in testing 
techniques have made it possible to determine high- 
temperature hardness with the same accuracy and de- 
gree of reproducibility as in room -temperature hardness 
testing. Little attempt has been made to standardize 
dynamic loading apparatus or techniques. Little cor- 
relation is found between static and dynamic results. 
This lack of correlation is related primarily to the strong 
dependency of mechanical behavior at elevated tem- 
peratures on rate of deformation. 



Stress to Couse Minimum Creep Rote ot 0.0001 % per Hour 
( lOOOpsi) 

Fig. 49 — 46. Relation between hot hardness and creep 
strength of 18 Cr-8 Ni stainless and carbon steels. 



The design of hot-hardness apparatus employing static 
loading has been based essentially on standard room- 
temperature equipment, including Vickers and Rock- 
well testers. Inert atmosphere, or a vacuum, have been 
employed in the test chamber to minimize oxidation. 
In all instances, small samples are used and a consider- 
able number of hardness impressions are made on each 
sample at constant temperature or at different tem- 
peratures up to at least 1500 ® F. In hot -hardness appa- 
ratus based on the Vickers tester, the diagonals of the 
impressions are measured after cooling the specimen to 
room temperature. 

A schematic sketch of the equipment used at the 
Edgar C. Bain Laboratory for Fundamental Research 
at the Research Center of the United States Steel Ctyr- 
poration is shown in Figure 49 — 44. In this apparatus tlie 
specimen, whose test surface is given a metallographic 
polish, and a Vickers- type indenter are heated to the 
desired temperature in a virtually inert atmosphere. 
The measuring thermocouple is spot-welded on the sur- 
face of the specimen. A dead-weight load ranging be- 
tween 3 and 10 kg. is automatically applied to the 
indenter while in contact with the specimen. Following 
a loading cycle of one minute, the load is removed 
automatically and the sample rotated about its axis, 
which is offset from the indenter axis, in preparation 
for making a new impression at the same or at a differ- 
ent temperature. This apparatus has been employed in 
studying solid-state reactions such as strain- aging, 
phase changes during tempering and recovery and re- 
crystallization phenomena. Other studies have shown 
that hardness results on steels at elevated temperatures 
are closely related to the tensile strength as shown in 
Figure 49 — 45, and approximately related to the creep 
strength as shown in Figure 49 — 46 and the creep- 
rupture strength as .shown in Figure 49 — 47. 



Stress fo Cause Rupture in I, 100 and 1000 Hours 
(lOOOpsi) 

Fic. 49—47. Relation between hot hardness and creep- 
rupture strength for 18 Cr-8 Ni stainless and carbon 
steels. 


SECTION 7 

USE OF HIGH-TEMPERATURE DATA IN DESIGN 


In studying the flow of metals under stress at elevated 
temperature, it should be noted that, to a much more 
marked degree than at room temperature, the lower 
the strain rate, the lower the apparent strength of 
material. The relation between the strength of carbon 


steel as determined from the short-time tension test, 
and the strength of the same material as determined 
from creep and rupture tests is shown in Figure 49 — 48. 
At the lowest strain rates, permanent deformation oc- 
curs at high temperature under stresses less than the 





MECHANICAL TESTING 


921 


NOTE: CREEP STRENGTH IS FOR A CREEP RATE 
OF 1% IN 10000 HOURS. 



TEMPERATURE, DEGREES F. 

Fiq, 4J^~48. The e/Teul of temperature on the strength of killed, 0.10 to 0.20 per cent carbon 
steel as indicated by tension, creep, and rupture tests. 


yield strength or proportional limit as determined from 
short-time tension tests. In fact, continuous flow occurs 
under even the smallest applied stresses and design 
must be based on a dynamic rather than a static concept 
of the strength of materials. 

Another important effect of the decrease of strain 
late is the change in the type of fracture from trans- 
granular to intergranular as the rate is decreased. The 
( hange in type of fracture is accompanied by a decrease 
in the amount of elongation. This behavior is character- 


istic of all metals and alloys, and final failure under 
creep conditions tends to be brittle instead of ductile. 
The exact amount of elongation accompanying creep 
failure is usually unknown, since failure under creep 
conditions does not usually occur for many years. Extra- 
polation indicates that, in molybdenum steel, the amount 
of elongation at 1100 ** F decreases from about 38 per cent 
in a .short-time tension test carried out at a strain rate 
of about 7.5 inches per inch per hour to less than 10 
per cent under creep conditions. 


F^ic. 49 — 49. The effect of 
strain rate on the ap- 
parent strength of pearl - 
itic (solid line) and 
spheroidized (dashed 
line) molybdenum steel 
at 1100°F. A and B indi- 
cate reported stresses 
for creep rate of 1 per 
cent per 10,000 hours in 
molybdenum steel at 
1100 ‘'F. 
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Fig. 49—50. Variation of elastic moduli with temperature for various ferritic and austenitic stainless steels. 


A cletirer picture of the effect of strain rate on the 
strength of material is obtained when strain rates are 
plotted against the applied stress, as shown in Figure 
49 — 49. In this study, a series of controlled strain-rate 
tests were carried out on spheroidized and pearlitic 
molybdenum steels at 1100 “ F. The most rapid test, 
at a rate of about 7.5 inches per inch per hour, is typical 
of the strain rates employed in the ordinary short-time 
elevated-temperature tension test. Tests were also 
carried out at 1, 0.1, 0.01, and 0.001 inches per inch per 
hour. Slower strain-rate data from stress-rupture and 
creep tests of these materials are also represented and 
show the same trend of decrease of strength. In fact, at 
a strain rate of 0.000001 inches per inch per hour, about 
1 ten -millionth of the strain rate employed in the short- 
time tension test, the apparent strength of molybdenum 
steel at 1100 ” F, has decreased from 37,000 to 2,500 lb. 
per sq. in. This clearly illusirates the necessity of deter- 
mining the strength of materials in the creep range from 
creep and rupture tests rather than from short-time 
tension tests. High-temperature design stresses, as set 
by the American Society of Mechanical Engineers, are 
established on the basis of long-time creep and rupture 
strength, and the limiting temperature is determined by 
the scaling resistance of the material. Below 700® to 
800 ® F, the stresses are obtained from short-time tension 
data. Service experience and the behavior of similar 
materials are also taken into consideration. Allowable 
working stresses for the standard ferrous alloys may 
be found in Sections I and VIII of the ASME Boiler Con- 
struction Code and in the API- ASME Code for Unfired 
Pressure Vessels. 

Under certain conditions of design at elevated tem- 
perature the permissible strain is of the order of magni- 
tude of the elastic strain. It is necessary in such a case 
to compute working stresses on the basis of elastic 
properties of the material. In general, the design of 
structural members on this basis requires values of 
three constants of elasticity, the elastic modulus in ten- 
sion and compression (Young's modulus), the shear 


modulus and Poisson's ratio. Of equal importance is the 
fact that these elastic constants are also needed in com- 
puting the magnitude of thermal stresses. 

The elastic moduli can be measured under conditions 
of static or dynamic loading. Under static loading, 
Young’s modulus can be determined from a simple ten- 
sion or a bend test and the shear modulus can be deter- 
mined from a torsion test. Poisson’s ratio (g) is then 
computed from the following relationship: 



where E is Young’s modulus and G is the shear modulus. 
By subjecting a small cantilever beam to simultaneous 
bending and twisting by application of a single load 
it is possible to determine both E and G from a single 
test. Such a method has been employed to determine 
the variation of the elastic moduli under static loading 
for a number of commercial, ferritic and austenitic 
stainless steels up to 1500 “ F. Average curves for the 
results obtained are shown in Figure 49 — 50. 

Under dynamic loading, high-frequency cyclic test.s 
of relatively low stress amplitude are generally used. 
Both E and G can be determined from the measured 
velocity of longitudinal and transverse waves produced 
by high-frequency pulses. Dynamic tests on steels have 
been made up to 1800 " F. 

Theoretically it is predicted that the variation of the 
elastic constants, E and G, is linear with temperatures 
up to nearly the melting point of metals; however, devi- 
ations from linearity are caused by various phase and 
crystallographic lattice changes, magnetic changes and 
grain-boundary gliding in polycrystalline metals. Be- 
cause of the low stresses encountered, the dynamic 
results are not affected by grain-boundary gliding. At 
temperatures where gliding at the grain boundaries is 
nil, below 700 ®F for plain carbon, 900 ®P for alloyed 
ferritic, and 1300 ® F for austenitic stainless steels, the 
static and dynamic results agree very well. 
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SECTION 8 

miscellaneous mechanical tests 


Metals are subjected to a great variety of applications 
which may involve mechanical properties not directly 
measured in the more common mechanical tests already 
described. For this reason, a great many specialized 
tests have been developed which are usually aimed at 
a closer approximation to some important aspect of the 
actual service conditions than the ordinary tests pro- 
vide. A few of the more important miscellaneous me- 
chanical tests are briefly described in this section, in 
order to provide some indication of the types of tests 
which have been developed. 

A. Compression Testing — Frequently, in the design of 
structural members which are to be subjected to com- 
pressive working stresses, it is desirable to design on 
the basis of compressive yield strength rather than 
tensile yield strength, particularly if there is reason to 
believe that the compression properties of the material 
under consideration differ from the tension properties. 
The data obtainable from a compression test may in- 
clude the proportional limit, the elastic limit, the yield 
strength or yield point, and in some cases “compressive 
strength.” The term compressive strength has been de- 
fined by the American Society for Testing Materials 
as the maximum compressive stress which a material is 
capable of developing. This strength figure has a definite 
value only for a material which fractures in compres- 
sion. For other materials, arbitrary compression strength 
values are sometimes reported which are based on some 
degree of distortion which is regarded as indicating com- 
plete failure of the material. 

An ASTM tentative specification for the compression 
testing of metallic material in other than sheet form 
has been drawn up and is designated as E9-49T. It is 
recommended that standard specimens be in the form 
of circular cylinders, the important feature in specimen 
preparation being parallelism of the ends and perpen- 
dicularity of the pianos of the ends to the specimen axis. 
As in the case of tension testing, axial loading is of great 
importance. In some instances, a special subpress is used 
in conjunction with the regular testing machine in order 
to facilitate truly axial application of the compression 
load. 

Compression members are frequently fabricated from 
sheet material, particularly for use in aircraft. In the 
design of such members, it is necessary to use the com- 
pression properties of the sheet material. Obviously, 
edgewise compression tests are not simple on thin sheets 
because of buckling difficulties. Several methods of test- 
ing sheet specimens in compression have been proposed. 
One of these is the “pack” method, in which a composite 
specimen is built up of several layers of sheets. In this 
way, a specimen of sufficient thickness to avoid buck- 
ling is provided. Another type of test provides support 
against buckling by special jigs. One such jig consists 
of a number of rollers which rest against the faces of 
the specimen. Another type of fixture which was de- 
veloped at the National Bureau of Standards simply 
uses fiat tool-steel blocks lubricated with a high- 
pressure lubricant to support the specimen (Figure 
48—51). The specimen is allowed to overhang the sup- 
ports slightly for loading and attachment of extensome- 
ters. Still another type of sheet metal compression test 
is the cylinder method, in which the fiat specimen is 
formed, by bending rolls, into a cylinder about one and 
one-half inches in diameter and soldered along the 
longitudinal joint. This cylinder Is very resistant to 



Fig. 49—51. National Bureau of Standards jig for com- 

pre.ssion tests on sheet metals. (Courtesy, U. S. Depart- 
ment of Commerce, National Bureau of Standards.) 

buckling and the ends can be accurately machined to 
insure axial loading. Another advantage of this method 
is the accessibility of the specimen for strain measure- 
ment. The principal disadvantage of the cylinder method 
is that a small amount of cold work is unavoidably in- 
troduced in forming the cylinder. 

B. Bend Testing — The bend test, as the name implies, 
is intended to evaluate the ability of a material to un- 
dergo bending during forming operations to which it 
may be subjected. Generally, the bend test is conducted 
as a “go-no go” test; i.e., either the specimen meets the 
desired bend requirement or fails by cracking. In some 
instances, however, a ductility value is derived from 
the bend test by placing gage marks on the outside or 
tension side of the bend and measuring the elongation 
after completing the bend. This procedure is covered by 
ASTM Designation: £16-39 and was developed pri- 
marily for testing of welds. 

Ordinarily the bend test is much simpler, merely in- 
volving a determination of whether or not a specified 
bend can be made satisfactorily. A typical method of 
stating a bend-test specification for a plate material, 
for example, is as follows: “The bend-test specimens 
shall stand being bent cold through 180 degrees without 
cracking on the outside of the bent portion to an inside 
diameter which shall have the following relation to 
thickness or gage of material.” A set of bend diameters 
is then specified for various thickness ranges, the bend 
diameters increasing with increasing plate thickness. 
Edge conditions are very important and generally suffi- 
cient edge preparation is permitted to avoid an initial 
edge fracture. The method of bending is not specified 
and a large number of bending devices have been de- 
signed, the design usually being aimed at convenience 
so that large numbers of tests can be run in a relatively 
short time. 

C. Cupping Tests— A number of so-called “cupping” 
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Fig. 49—52. Schematic representation of cupping test for 
sheet metals. 

tests have been developed for the purpose of measuring 
the ductility of sheet metal under conditions where 
the sheet is stretched in all directions simultaneously. 
Cupping tests are made on different machines, or testers, 
known as the Erichsen, the Olsen, the Guillery, the 
Wazau, etc., of which the first two are the most com- 
monly used. While they differ in many respects, the 
Erichsen and the Olsen testers are similar in the manner 
of applying the test. In both, the specimen of sheet or 
strip is clamped between two rings or dies, and a smooth 
ball, mounted upon or attached to a plunger, is forced 
against the flat surface of the specimen enclosed within 
the area of the ring, as shown in Figure 49—52, thus 
stretching it into the form of a cup, and continuing until 
the material is fractured. In the Olsen type of machine, 
the depth of the cup causing fracture is measured in 
thousandths of an inch by a recording or measuring 
device, the indicator of which is actuated directly from 
the surface of the sample. The end point of the test is 
indicated by a pressure gage, the pointer of which drops 
back upon fracture of the specimen. In the Erichsen 
tester, the plunger is somewhat cone-shaped with a 


smooth spherical end; the fracture of the specimen is 
detected visually by a mirror attachment, and the depth 
of the cup is measured in millimeters. 

In a great many actual sheet-metal forming opera- 
tions, the blank is required to stretch in all directions. 
It would be expected, therefore, that a cupping test 
would prove a better criterion of the behavior to be 
expected in such forming operations than would a sim- 
ple tension test in which the material is stretched in 
only one direction. Actually, the correlation between 
cupping tests and actual performance has in general 
been disappointing, except in cases where large differ- 
ences in formability exist. Cupping tests are widely used 
for inspection purposes, however, since they provide a 
quick indication of ductility and some indication of the 
surface condition to be expected after drawing by the 
degree of roughness or coarseness developed on the cup 
during the cupping test. 

D. Strain-Sensitivity and Strain-Aging Sensitivity 
Tesl.s — Steel products are very frequently subjected to 
cold-forming operations prior to or during fabrication 
for their final use and may go into service in the cold- 
worked condition. As discussed in the chapter on plain 
carbon steels, the properties of cold-worked steel may 
change progressively with time, this change being 
known as strain-aging. The question arises, therefore, 
as to how the changes in properties brought about by 
cold working and strain-aging will affect the perform- 
ance of the material in service. 

It is well known that straining and strain-aging exert 
a profound influence on the notch toughness character- 
istics of certain steels, tending to increase the suscep- 
tibility of these steels to brittle fracture. One of the 
most informative methods of evaluating the effect of 
straining and strain- aging on notch toughness is the 
determination of the shift in transition temperature in 
the notched-bar impact test. The interpretation of the 
relationship between test results and service behavior 
is, of course, subject to the same limitations as empha- 



Fig. 49—53. Effect of strain aging on transition temperature in the Charpy impact test. 
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sized earlier in the general discussion of notched-bar 
impact tests. It is possible, however, to obtain extremely 
useful comparisons among different steels and to provide 
relative measures of the extent to which the notch 
toughness is impaired by straining and strain-aging. 

One testing procedure which has proved convenient 
and useful involves the cold rolling of oversize blanks 
for Charpy-type specimens. The degree of oversize is 
based on the desired amount of cold working; for ex- 
ample, if ten per cent reduction is desired, the blank 
is made about 0.0394 inch oversize and reduced to the 
standard dimension of 0.394 inch. Two sets of specimens 
sufficient for the determination of transition tempera- 
tures are prepared in this manner. One set is tested as 
soon as possible after rolling and notching, while the 
other set is artificially aged for one hour at 550 ” F. This 
treatment is believed to produce the maximum effect 
of strain aging on notch toughness. The shifts of transi- 
tion temperature caused first by straining, and second 
by straining and aging give an indication of the extent 
to which the ability to resist brittle fracture has been 
impaired. Examples of the types of transition behavior 
which may be obtained are shown in Figure 49 — 53. 

Another test which is sometimes used to indicate the 
effects of straining and strain-aging on notch toughness 
is the Graham tapered-bar test. Varying amounts of 
cold work are produced by drawing a tapered circular 
bar through a die so as to produce a uniform cross sec- 
tion. The bar is then notched at various points along 
its length which correspond to various amounts of cold 
work and is broken as a cantilever specimen at each 
notch. The maximum amount of cold work is usually 
ten per cent. The cold-drawn bar can also be aged before 
testing. Although this test is relatively fast and simple, 
it has the disadvantage of not permitting the determina- 
tion of transition temperatures, and is thus subject to 
the uncertainties which arise in impact testing at a single 
temperature. 

Steels which exhibit pronounced strain aging show 
an increase in tensile strength when tested at tempera- 
tures in the neighborhood of 400 ° F over that obtained 
in room-temperature tests. This increase in tensile 
strength is sometimes used as a measure of the effects 
of strain aging, but should not be substituted for a 
notch toughness test unless a correlation has been estab- 
lished. 

Another aspect of strain aging, which is of great prac- 
tical importance, is the return of the yield point in 
temper-rolled sheets intended for deep-drawing opera- 
tions. Such sheets are normally temper rolled after an- 
nealing in order to eliminate the yield-point elongation 
and the accompanying tendency for the formation of 
stretcher strains or fluting during forming. In steels 
which are susceptible to strain aging, however, the 
yield-point elongation and stretcher-strain tendency 
will return with time. Accelerated aging, in which the 
temper-rolled material is held at an elevated tempera- 
ture such as 400 ® F for some predetermined length of 
time, is frequently applied in order to indicate the aging 
tendency. The extent to which the yield point elongation 
returns in a tension test provides some indication of the 
manner in which the material can be expected to behave 
in a drawing operation after a considerable lapse of time 
at atmospheric temperature. 

E. Torsion Testing— In the torsion test, a specimen is 
subjected to twisting or torsional loads analogous to 
those encountered in drive shafts, crank shafts, etc. In- 
formation on the strength in torsion, particularly the 
yield point or yield strength, is important in desiring 
for such applications. Torsion tests are not extensively 
used, since a satisfactory estimate of the yield point in 


torsion can generally be made from the yield point in 
tension. In some instances, however, a direct measure- 
ment of torsion properties may be desirable and occa- 
sionally may be specified. 

Torsion data are usually obtained in the form of a 
torque-twist curve, in which the applied torque is 
plotted against the angle of twist. Torsion produces a 
state of stress known as pure shear, and the shear stress 
at yielding can be calculated from the torque at yielding 
and the specimen dimensions. Actually, the stress varies 
from a maximum at the surface of the specimen to zero 
at the axis. In the elastic range, the variation is linear, 
and the maximum stress for a cylindrical specimen can 
be readily calculated from the following relation: 

« 16 T 

Trd’ 

where: S — maximum shear stress (lb. per sq. in.) 

T = torque in inch-pounds 
d — diameter of specimen. 

In the plastic range, the calculation of the maximum 
shear stress is more complicated and the reader is re- 
ferred to the method developed by A. Nadai, which 
considers the twisting of a cylindrical bar in the plastic 
range. 

In the elastic range, the shear strain is proportional 
to the shear stress, the constant of proportionality being 
known as the modulus of rigidity. The modulus of 
rigidity is about 10,000,000 for steel. 

Impact tests utilizing dynamic torsional loads are used 
to a considerable extent in testing brittle materials such 
as tool steels. Since the ductility in torsion is greater 
than in tension, a greater energy absorption is obtained 
in the torsion impact test than in a beam type of impact 
test. Sensitivity is thereby improved making separations 
possible in the torsion impact which are not possible in 
the notched-bar impact test. The energy absorbed by 
the specimen in the torsion impact test is measured 
by the loss in rotational energy of a flywheel which 
engages one end of the specimen and breaks it. 

F. Shear Testing — The term “shear testing” as used 
here refers to determinations of the resistance of metals 
to shearing in dies, i.e., cutting by shearing. “Shear 
test” is sometimes also used to refer to the torsion test, 
which, as indicated above, measures the resistance to 
deformation under shear stresses. The sense in which 
the terms “shear” or “shear strength” are used should 
always be clearly indicated in order to avoid any mis- 
interpretation. 

If a load-penetration diagram is determined while 
shearing a metal in dies, it will be found to be similar 
in general shape to the load-extension diagram in ten- 
sion testing. The maximum load observed during the 
shearing operation divided by the area being sheared 
is taken as the shearing strength or shearing resistance 
of a material. It is necessary to state the exact testing 
conditions in reporting shearing resistance, since the 
value obtained will depend markedly on the die ar- 
rangement. The clearances, shear angles, and sharpness 
of the cutting edges will all affect the observed value 
of shearing resistance. The degree of penetration of the 
punch into the metal when the fracture begins is also 
usually reported. It has been generally observed that 
the shearing resistance of medium carbon steels is from 
two-thirds to three-fourths of the ultimate tensile 
strength. 

G. Wear Testing — ^H. W. Gillette has defined the wear 
of a metal part as “its imdesired gradual change in 
dimensions in service imder frictional pressure,” Wear 
generally involves two stages, in the first of which de- 
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formation occurs, and in the second of which removal 
of material may occur. Wear of metals may involve the 
contact of metal on metal, as in shafts and bearings, 
brakes and wheels, valves and seats; or it may involve 
the contact of non-metals on metals, as in the case of 
coke chutes, steam shovel buckets, etc. The phenomenon 
of wear is so complex that it is extremely difficult to 
interpret, and is one kind of service for which suitability 
can be reliably evaluated only in terms of actual service 
tests. Various wear tests have been used for specific 
purposes, but are only valid if the test method produces 
wear in the same manner in which it is produced in 
service. A more detailed discussion of wear and wear 
testing can be found in the ASTM “Symposium on Wear 
of Metals,” published in 1937, and in “The Abrasion 
Resistance of Metals,” by R. D. Haworth, published in 
the ASM Transactions, 1949. 

H. Damping Capacity Tests— Damping capacity is a 
measure of the rate at which a material dissipates energy 
of vibration, or in other words, a measure of the ability 
to damp out vibrations. Damping depends upon internal 
friction in the metal, which is manifested at stresses 
well below those at which gross yielding occurs. Internal 
friction probably arises from minute amounts of plastic 
flow on a submicroscopic scale, a process which results 
in heating and a loss of vibrational energy. The ability 
to damp vibrations is of importance in certain structures 
subjected to vibrations, where there may be a danger 
of resonant vibrations arising. Resonance can lead to 


large amplitudes of vibrations and excessively high 
stresses. A choice of a material with relatively high 
damping capacity, which can also satisfy the ordinary 
mechanical requirements, may be of some benefit in 
avoiding resonance conditions. High damping capacity 
materials are also of value in supports for moving 
machinery, in that the transmission of vibrations to the 
supporting structure may be reduced. 

A commonly used method of measuring damping ca- 
pacity involves the measurement of the rate of decrease 
of amplitude of torsional vibrations. One end of a cylin- 
drical specimen is clamped in a rigid base with the 
specimen in a vertical position. On the other end of the 
specimen, a heavy inertia bar is clamped. This inertia 
bar is rotated through an angle corresponding to t^e 
desired stress level in the specimen, usually by means 
of magnets, and then released. The specimen is thus set 
in torsional vibration, and the rate of decrease of vibra- 
tion amplitude is measured by some suitable method. 
In a recently developed machine, a light beam is focused 
on a mirror on the inertia bar, and the beam is reflected 
onto a rotating drum carrying a strip of sensitive photo- 
graphic paper. Measurements of the rate of decrease of 
vibration amplitude from the photographic record per- 
mit a calculation of the damping capacity. Damping 
capacity is usually expressed in terms of specific damp- 
ing capacity, which is defined as the ratio of the energy 
loss per cycle to the elastic potential energy at the maxi- 
mum amplitude of the cycle. 


SECTION 9 

NONDESTRUCTIVE TESTS 


Certain nondestructive tests, although not providing 
a direct measurement of mechanical properties, are 
extremely valuable in locating and isolating material 
defects which could greatly impair the mechanical per- 
formance if permitted to remain in a machine element 
or structural member placed in service. Since the part 
or article inspected by nondestructive methods is in no 
way altered or affected, it is possible to inspect the 
entire article. Furthermore, in many cases, it is feasible 
to carry out 100 per cent inspection of all product in- 
tended for applications which demand especially high 
quality. In this way, uncertainties as to whether repre- 
sentative sampling has been attained are eliminated. It 
should also be pointed out that an extremely important 
function of nondestructive tests is in the examination 
of parts which have been in service, such examination 
frequently being possible without removing the part 
from service. Incipient failures can oftentimes be de- 
tected in this manner, thus permitting removal of the 
part from service before serious damage is done. Since 
nondestructive testing provides such an important sup- 
plement to the conventional mechanical test procedures 
in evaluating suitability for mechanical service, it is 
appropriate that a few of the more important nonde- 
structive testing methods be briefly described in this 
chapter on mechanical testing. 

Radiography — Radiography is one of the oldest and 
most widely used methods of nondestructive testing. Its 
use is based upon the great penetrating power of X-rays 
or gamma rays, which, depending on their initial inten- 
sity, are capable of penetrating several Inches of steel. 
X-ray tubes operating at voltages as high as three mil- 
lion volts are now in use capable of producing an X-ray 
beam which can penetrate six to seven inches of steel. 
Gamma rays, which are given off spontaneously by cer- 
tain radioactive materials such as radium and by syn- 


thetically produced isotopes such as Co*®, Ir*®* and Cs^*^, 
are capable of penetrating greater thicknesses than 
X-rays, and have the important advantage that the 
equipment required is entirely portable and requires no 
maintenance. The sensitivity of gamma rays to defects 
in thinner sections, however, is considerably inferior to 
that of X-rays, and X-rays are, therefore, more com- 
monly used for radiographic work. 

As a beam of X-rays or gamma rays passes through an 
object, it is absorbed to a degree depending upon the 
thickness of the object and upon the specific absorbing 
capacity of the material. Metals are characteristically 
strong absorbers of X-rays. If a cavity in the object 
being radiographed lies in the path of the beam, the 
effective thickness which must be traversed by the beam 
is decreased and the intensity of the emitted beam is 
greater in the vicinity of a point opposite the cavity. In 
this way, an image of the cavity is formed, which can 
be considered as an X-ray shadow picture. Any large 
cavity or inclusion which differs in absorbing capacity 
from the bulk of the test object will act in such a manner 
as to produce variations in intensity from point to point 
of the beam as it passes through the object. These varia- 
tions in intensity or X-ray shadows, so to speak, are 
generally recorded on photographic film, but may also 
be observed visually by a fluorescent screen which is 
activated by the X-ray beam. 

Considerable experience is necessary for the expert 
interpretation of radiographs, particularly in identifying 
the source of an indication and in judging how harmful 
the defect may be. A background of practical experience 
is usually built up by sectioning objects on which cer- 
tain radiographic indications have been obtained, in 
order to positively correlate the indication with its 
source. The principal fields of application of radiography 
are in testing castings and welds. In castings, defects 
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such as pipe, shrinkage, hot tears, blowholes, and sand 
or slag inclusions may be detected by radiographic in- 
spection. In welds, detection of hot tears, shrinkage 
cracks, blowholes, slag inclusions, lack of fusion, and 
lack of penetration is possible. One of the principal 
shortcomings of radiography is its inability to detect 
very thin defects, unless the plane of such defects lies 
parallel to the beam. A crack in which the surfaces are 
very close together is an example of such a defect. Since 
this type of defect can be very harmful in service, some 
other method of detection such as magnetic or sonic 
methods must be adopted. 

Magnetic Methods — ^The magnetic methods of nonde- 
structive testing to be described here are not aimed pri- 
marily at an evaluation of actual magnetic properties 
of a given steel specimen, as carried out for electrical 
or magnetic steels, but are employed for the measure- 
ment of some other characteristic of interest which is re- 
flected by variations in magnetic behavior. Some of the 
principles of magnetism involved in such methods are 
discussed in Chapter 2, under “Fundamental Principles 
of Physics.” The magnetic tests of primary interest here 
are those which are used in detecting physical discon- 
tinuities in steel. These methods depend upon establish- 
ing a imiform magnetic fleld around the steel part or test 
object, either by a magnetizing coil or by passing an 
electrical current through the part. Any physical dis- 
continuity in the metal creates a magnetic flux leakage 
which can be detected by the use of magnetic powders 
or by a pick-up coil. 

Magnaflux and Magnaglo are two widely used mag- 
netic powders which are particularly useful in detecting 
fine surface and subsurface cracks. The Magnaglo 
powder differs only in that the magnetic particles are 
coated with a fluorescent material which glows tmder 
ultraviolet light. In this way, the contrast of the mag- 
netic powder indication can sometimes be improved. 
In use, the powders are applied wet or dry to a mag- 
netized part. If cracks are present, the leakage flux 
causes a local concentration of magnetic particles in the 
vicinity of the discontinuity. 

The well known Sperry rail tester is an example of a 
magnetic flaw detector utilizing a pick-up coil. In using 
this device, a heavy direct current is passed through a 
rail section from a testing car as the car moves along. A 
uniform magnetic field is thus set up around the rail. 
If a transverse Assure is present in the rail the magnetic 
field is disturbed. A small coil moving along just above 
the track surface detects this disturbance by variations 
in induced current, which are recorded and used to 
indicate the location of the defect. 

Ultrasonic Methods— Sonic methods have long been 
used in the detection of flaws or defects in steel. The 
clearness of the ring given off when an object is struck 
is well known to give an indication of soundness or 
freedom from gross discontinuities. The recent develop- 
ment of the ultrasonic testing techniques represents the 
culmination of much research to improve the sensitivity 
of sonic methods. 

The ultrasonic method of flaw detection depends on 
the fact than when a beam of ultrasonic waves is pro- 
jected into the metal object, a small physical discon- 
tinuity in the path of the beam acts as an obstacle to the 
beam. The reflection method, which is the most useful 
of the various ultrasonic techniques for flaw detection, 
makes use of the fact that a portion of the incident beam 
may be reflected from a discontinuity lying in the path 


of the beam. By timing the interval between the genera- 
tion of the initial pulse and the reception of the reflected 
pulse, the location of the defect can be determined. The 
ultrasonic waves are generated by a quartz crystal^ 
making use of the piezoelectric effect, which causes the 
crystal to expand or contract when subjected to an 
electric charge. By using a rapidly oscillating electric 
field, the crystal is made to vibrate at the same frequency 
as the oscillation of the fleld. This effect is reversible, 
permitting the same crystal to be employed as a detector, 
in which case an oscillating electric charge is set up 
in the crystal as it is subjected to mechanical vibration. 
Measurement of this oscillating charge provides a 
method of detecting ultrasonic waves. 

The reflection method of ultrasonic inspection has 
oeen successful in detecting a large number of t3rpes of 
defects such as pipe, shrinkage, cracks, flakes, fatigue 
cracks, concentrations of inclusions, segregations, and 
laminations. The method is rapid and is useful in pro- 
duction line work. As in the case of any nondestructive 
test, a background of experience must be built up in the 
interpretation of the indications with respect to the 
nature of the defect producing a particular type of 
indication. 



Chapter 50 

GAGE NUMBERS 


In the metal industries, the word gage is used in 
various systems, or scales, for expressing the thickness 
or weight per unit area of thin plates, sheets, and strips, 
or the diameters of rods and wires. Specific diameters, 
thicknesses, or weights per square foot are denoted in 
gage systems by certain numerals prefixed to the word 
gage; for example, No. 12 gage, No. 20 gage. No. 30 gage, 
or simply 12 gage, 20 gage, and 30 gage. Gage numbers 
are used only in connection with thin materials; that 
is, usually when the thickness is not more than one- 
quarter inch or the weight per square foot is not more 
than 10 pounds, although most gage tables actually 
begin at about one-half inch, or 20 pounds per square 
foot, and one table begins at double these quantities. 
Heavier and thicker materials are always indicated by 
weight per unit area or length, or by thickness in Eng- 
lish or metric units. 

It is advisable, at this point to emphasize the danger 
of confusion in the use of gage numbers to indicate 
thicknesses and diameters. This danger is present in 
domestic as well as in foreign trade, and can be avoided 
by specifying thickness or diameter in inches, centi- 
meters, or millimeters, or in weights per square foot 
or per square meter, or by giving other equivalents, in 
absolute units, of the gage desired. The relations and 
equivalents of the principal gages are shown in the 
several tables in this chapter. 

Origin of Gages — This custom of indicating thickness 
and diameter by gage numbers originated in the early 
days of the metal industries, and the gage numbers 
were probably first employed to designate the different 
sizes that could be most readily produced by different 
stages, or steps, in the processes of manufacture. Inas- 
much as these manufacturing processes sometimes 
varied considerably, not only for different commodities 
but often among different manufacturers of the same 
product, and as an individual system of measurement 
was often considered a trade advantage, a great num- 
ber of gage systems came into existence. It has been 
said that at one time there were in use in this country 
and in England more than fifty different wire gages and 
several distinct gages for sheets. This condition alone 
would give rise to considerable confusion, but, as if 
confusion were to be sought rather than avoided, differ- 
ent names were often applied to the same or practically 
the same gage system. Also, the same names or symbols 
were frequently employed to designate different gage 
systems. All these systems were not only dissimilar with 
respect to each other in actual thickness denoted by the 
gage numbers, but the different numbers in the same 
table seldom bore any mathematical relation to each 
other. 

Relation of Gage Number to Thickness— These gage 
systems had but one characteristic in common, namely, 
that the higher the gage number the thinner was the 
material. This relation of gage numbers to actual thick- 
nesses has always been maintained, and the association 
of hig h gage number with thin material or with small 


diameter has become fixed, by long custom, in the minds 
of people associated with the metal industries. With 
but few exceptions, this relation of gage number to 
thickness or diameter persists to the present time. The 
exceptions are the Sheet Zinc Gage, Belgian Zinc Gage, 
Paris (French) Gage, and Music Wire Gage, in which 
the gage numbers increase with the thickness of the 
sheet or the diameter of the wire. 

British Gages — Chief among the early gage systems 
were the Birmingham gages, one for sheets and another 
for wire, and the Stubs^ gages. As Stubs was from War- 
rington, his most popular gage was often called the 
Warrington Wire Gage, but was also known as Peter 
Stubs* Gage. In this country, Peter Stubs* Gage and the 
Birmingham Wire Gage are considered to be identical. 
The first attempt at reform in gages was to list the 
equivalent of the gage numbers in decimals of an inch. 
This was done first individually by Stubs, and later by 
organized action of the British Board of Trade, in 1883. 
In that year, a gage was prepared which was intended 
as a standard for both wire and sheets but was later 
found to be unsuitable for sheets. This gage became the 
legal British standard gage on March 1, 1884, and is 
now known as the British Imperial Standard Wire Gage, 
designated in the British Empire by the initials W.G. or 
B.W.G., and in the United States by the initials I.S.W.G. 
or S.W.G. When this gage was found to be unsuitable 
for sheets, a new gage, called the Birmingham Sheet 
and Hoop Iron Gage, was prepared by revising the old 
sheet gage. The new gage has since been used in Eng- 
land, merely by common consent until 1914, at which 
time it was established legally as the British Standard 
Gage for Iron and Steel Sheets and Hoops, represented 
by the symbols B.G. Custom gages for galvanized sheets 
now usually have B.G. suffixed to the gage numbers, 
but the weights have no systematic relation to the 
weights of the British Standard Gage (B.G.) for un- 
coated sheets. The earlier English gages, Birmingham 
Wire Gage and Stubs’ Warrington Wire Gage, are no 
longer in common use except for telephone and tele- 
graph wire. The relationships between the more com- 
mon gages mentioned above are given in Table 50 — III. 

United States Sheet Gages — ^The next attempt at 
standardizing gages was made in the United States, in 

1892. On March 3rd of that year, the United States 
Standard Gage for Sheet and Plate Iron and Steel (Table 
50 — III) was established by an Act of Congress as the 
only standard gage for these materials after July 1, 

1893. This gage is a weight gage based upon weights 
per square foot in pounds avoirdupois. The gage table 
as established by Congress began with 20 lbs. per square 
foot, No. 7/0*5 gage, and ended with 0.25 lb. per square 
foot, No. 38 gage, but the light side of the table has 
been extended by custom to 0.1875 lb. per square foot, 
or No. 44 gage. In this country the gage is standard for 
all uncoated iron and steel sheet and plate, and is also 
used for tin plate in the lighter gages. 

Galvanized and Long Teme Sheets have individual 
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gages based on the U.S. Standard Gage with allowances 
made for the thickness of the coating in each table. 
Thus, for the same gage number the weight shown in 
the Galvanized Sheet Gage regardless of coating weight, 
is 0.1562 pounds per square foot heavier than the weight 
shown in the U.S. Standard Gage (uncoalcd product), 
lii the Long Teme Sheet Gage, each gage number may 
have various weights depending upon the coating 
weight. With a commercial coating (6 pounds per double 
base box) each gage number is 0.016 pounds per square 
foot heavier than the weight shown for the correspond- 
ing U.S. Standard Gage number. (See Table 50— IV). 

As stated in the preceding paragraph, the U. S. Stand- 
ard Gage is based on weights per square foot in pounds 
avoirdupois. Table 50 — III shows the approximate thick- 
ness for each gage number adopted by the originators 
of the gage, who based these thicknesses on the density 
of wrought iron, which is 480 pounds per cubic foot or 

Table 50 — Manufacturers' Standard Gage for 
Sheet Steel 

Gage thickness equivalents are based on 0.0014945 in, per 
oz. per sq. ft.; 0.023912 in. per lb. per sq. ft. (reciprocal of 
41.820 lb. per sq. ft. per in. thick) ; 3.443329 in. per lb. per 
sq. in. 


Manu- 
facturers* 
Standard 
Cage No. 

Ounces 

per 

Square 

Foot 

pounds 

per 

Square 

Inch 

Pounds 

f»er 

Square 

Foot 

Inch 
Equiva- 
lent for 
Sled 
Sheet 
Thickness 

Manu- 
factuiers* 
Standard 
Gage No. 

3 

160 

0.069444 

10.0000 

0.2391 

3 

4 

150 

.065104 

9.3750 

.2242 

4 

5 

140 

.060764 

8.7500 

.2092 

5 

6 

130 

.056424 

8.1250 

.1943 

6 

7 

120 

.052083 

7.5000 

.1793 

7 

8 

110 

.047743 

6.8750 

.1644 

8 

9 

100 

.043403 

6.2500 

.1495 

9 

10 

90 

.039062 

5.6250 

.1345 

10 

11 

80 , 

.034722 

5.0000 

.1196 

11 

12 

70 1 

.030382 

4.3750 

.1046 

12 

13 

60 

.026042 

3.7500 

.0897 

13 

14 

50 

.021701 

3.1250 

.0747 

14 

15 

45 

.019531 

2.8125 

.0673 

15 

16 

40 

.017361 

2.5000 

.0598 

16 

17 

36 

.015625 

2.2500 

.0538 

17 

18 

32 

.013889 

2.0000 

.0478 

18 

19 

28 

.012153 

1.7500 

.0418 

19 

20 

24 

.010417 

1.5000 

.0359 

20 

21 

22 

.0095486 

1.3750 

.0329 

21 

22 

20 

.0086806 

1.2500 

.0299 

22 

23 

18 

.0078125 

1.1250 

.0269 

23 

24 

16 

.0069444 

1.0000 

.0239 

24 

25 

14 

.0060764 

0.87500 

.0209 

25 

26 

12 

.0052083 

.75000 

.0179 

26 

27 

11 

.0047743 

.68750 

.0164 

27 

28 

10 

.0043403 

.62500 

.0149 

28 

29 

9 

.0039062 

.56250 

.0135 

29 

30 

8 

.0034722 

.50000 

.0120 

30 

31 

7 

.0030382 

.43750 

.0105 

31 

32 

6.5 

.0028212 

.40625 

.0097 

32 

33 

6 

.0026042 

.37500 

.0030 

33 

34 

5.5 

.0023872 

.34375 

.0082 

34 

35 

5 

.0021701 

.31250 

.0075 

35 

36 

4.5 

.0019531 

.28125 

.0067 

36 

37 

4.25 

.0018446 

.26562 

.0064 

37 

38 

4 

.0017361 

.25000 

.0060 

38 


0.2778 pound per cubic inch. Since the adopted standard 
density for steel is about 2 per cent heavier than that 
of wrought iron (489.6 vs. 480 pounds per cubic foot), 
the thickness equivalents for steel are slightly less than 
those listed in the U.S. Standard Gage. Although this 
change is legal because the governing factors in the gage 
schedule are weights and not thicknesses, much con- 
fusion occurs in converting from weight to thickness 
for steel sheets. Consequently, the manufacturers of 
steel sheets in this country have adopted a new gage, 
known as the Manufacturers’ Standard Gage for Sheet 
Steel (Table 50 — I) . The gage numbers and correspond- 
ing weights in this gage are identical to those contained 
in the U.S. Standard Gage, but the equivalent thick- 
nesses are less since they are based on the density of 
steel, not that of wrought iron. The conversion factor 
used in determining these thicknesses is actually greater 
than the density of steel by an amount necessary to 
allow for the facts that sheet weights are calculated 
on the basis of ordered width and length with shearing 
tolerances on the over side, and that sheets are thicker 
in the center than they are at the edges where thick- 
ness is commonly and most conveniently measured. 

The factor commonly used in converting from weight 
to thickness of steel sheets is 41.82 pounds per square 
foot per inch thick (see Footnote, Table 50 — III). 

Density of Iron and Steel — In the foregoing discussion, 
the density of steel was given as 489.6 pounds per cubic 
foot or 40.8 pounds per square foot per inch of thick- 
ness, which figure has been adopted as the standard 
density of steel of the grades and kinds generally used 
in plates. The actual density of steel varies slightly with 
composition and treatment, and thus may be at variance 
with the adopted standard density as can be seen from 
Table 50 — II, which presents data collected from various 


Table 50 — II. Approximate Densities of Different Varie- 
ties of Iron and Steel. 



Density (at 60 ** F.) 

Material (In 
Wrought Form) 

Grams 
per cc. 

Lb. per 
Cu. In. 

Lb. per 
Cu. Ft. 

Pure Iron (99.9% 




Fe) 

7.86 

0.284 

491 

Soft Steel (0.06% C) . 

7.87 

0.284 

491 

Carbon Steel 




(0.40% C) 

7.84 

0.283 

489 

Tool Stool (0.90% C) . 

7.82 

0.282 

487 

Wrought Iron 

7.40-7.90 

0.267-0.285 

461-493 

Stainless Steel 



501 

a8% Cr, 8% Ni) . . . 

8.03 

0.29 

Stainless Steel 



484 

(17% Cr. 0.12% C) . . 

7.75 

0.28 

Stainless Steel 



467 

(27% Cr, 0.35% C) . 

7.47 

0.27 

High Speed Tool 


0.316 

546 

Steel (18% W) 

8.75 


From these values, it is evident that the weight gage 
thickness equivalents cannot be applied with accuracy 
to many of the high alloy steels. 

The Tin Plate Gage— For tin plate and short teme 
plate, long custom has established the Tin Plate Gage, 
which is practically the same for this country and Eng- 
land. This gage is expressed in pounds per base box, 
rather than in gage numbers. By base box is meant 
112 sheets, each 14 x 20 inches, or other combinations 
of number and size of sheets that will cover an area of 



Table 50— IIL Relationship of Gage Numbers in Common Use. 


930 


THE IIIAKING, SHAPING AND TREATING OF STEEL 


THICKNESS GAGES 

M 

BP 

1=^ 

im^l*'""”''‘"‘"'""“ssaasiqss;as8aas a 

^ <0 U3 ^ 03 CM 


III 

|l 

o * * 

HI 

11* 


0.5800 

.5165 

.4600 

.4096 

.3648 

.3249 

.2893 

2576 

2294 

2043 

1819 

1620 

1443 

1285 

1144 

1019 

.0907 

.0808 

.0720 

.0641 

.0571 

.0508 

.0453 

.0403 

.0359 

.0320 

.0285 

.0253 

.0226 

S>201 

\ 

; 1 

mi 

1|S 

Sa» 


liiiiiss§esssi§ii§iiis|smi^ i 

d 

s cid 

hhllt 

llhzi 

a fep 

!s&» 

1=1 
CO «A 

|j 

£ 

Ssi§SSiiSS;S?8g8SSgl8s|SSSgS|SSS o 

o 

WEIGHT GAGES 


1 

£ 

1 

S Q 

CD CD 


g?3 as 

CM CM DJ CM 

ss 

S o> 8 I;:: 

N ^ 2* g 00 P 

1-4 0 0 0 0)0) 

iH iH iH tH 

ll'' 

1 

*3 w 

ll 

li 

is 

r-l rH 

iii 

is 

CMCMCMCMCMCMCM^CMCMCMCMCMCMCMCM CM 

t» CO U3 ID ^ CO CO CM CM CM CM iH i-i tH VH rH *H 

i|i 

1 

III 

f: 

u 

20.0000 

18.7500 
17.5000 
162500 

15.0000 

13.7500 
122000 
112500 
10.6250 

10.0000 
9.3750 

8.7500 
81250 
72000 
6.8750 
6.2500 
5.6250 
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Table 5(K>-IV. Gagre Weights for Long Terne Sheets of Varioos Coating Weights 


Gage Weights in Ounces and Pounds per Square Foot, for the Gages and Coatings Given 


Long 

Commercial 

0.35 Ounce | 

1 0.45 Ounce 

1 0.55 Ounce 

0.75 Ounce 

1.10 Ounce 

1.45 Ounce 















Teme 

Oz. 

Lb. 

Oz. 1 

Lb. 

Oz. 

Lb. 

Oz. 

Lb. 

Oz. 

Lb. 

Oz. 

Lb. 

Oz. 

Lb. 

Gage 

per 

per 

per ! 

per 

per 

per 

per 

per 

per 

per 

per 

per 

per 1 

per 

No. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 1 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq. Ft. 

Sq.Ft. 

10 

90.25 

5.641 













11 

80.25 

5.016 













12 

70J25 

4.391 













13 

60.25 

3.766 













14 

50.25 

3.141 













15 

45.25 

2.828 












• 

16 

40.25 

2.516 

40.35 

2.522 











17 

36.25 

2.266 

36.35 

2.272 











18 

32.25 

2.016 

32.35 

2.022 

32.45 

2.028 









19 

28.25 

1.766 

28.35 

1.772 

28.45 

1.778 









20 

24.25 

1.516 

24.35 

1.522 

24.45 

1.528 

24.55 

1.534 

24.75 

1.547 





21 

22.25 

1.391 

22.35 

1.397 

22.45 

1.403 

22.55 

1.409 

22.75 

1.422 





22 

20.25 

1.266 

20.35 

1.272 

20.45 

1.278 

20.55 

1.284 

20.75 

1.297 

21.10 

1.319 

21.45 

1.341 

23 

18.25 

1.141 

18.35 

1.147 

18.45 

1.153 

18.55 

1.159 

18.75 

1.172 

19.10 

1.194 

19.45 

1.216 

24 

16.25 

1.016 

16.35 

1.022 

16.45 

1.028 

1 16.55 

1.034 

16.75 

1.047 

17.10 

1.069 

17.45 

1.091 

25 

14.25 

0.892 

14.35 

0.897 

14.45 

0.903 

14.55 

0.909 

14.75 

0.922 

15.10 

0.944 

15.45 

0.966 

26 

12.25 

0.766 

12.35 

0.722 

12.45 

0.778 

12.55 

0.784 

12.75 

0.797 

13.10 

0.819 

13.45 

0.841 

27 

11.25 

0.703 

11.35 

0.709 

11.45 

0.716 

11.55 

0.722 

11.75 

0.734 

12.10 

0.756 

12.45 

0.778 

28 

10.25 

0.641 

10.35 

0.647 

10.45 

0.653 

10.55 

0.659 

10.75 

0.672 

i 11.10 

0.694 

11.45 

0.716 

29 

9.25 

0.578 

9.35 

0.584 

9.45 

0.591 

9.55 

0.597 

9.75 

0.609 

10.10 

0.631 

10.45 

0.653 

30 

8.25 

0.516 

8.35 

0.522 

8.45 

0.528 

8.55 

0.534 

8.75 

0.547 

9.10 

0.569 

[ 9.45 

0.591 


Nominal Coating Weights, pounds per double base box 


12 15 20 30 40 


31,360 square inches. The gages of tin plate were for- 
merly designated by symbols and names, as 1C (Com- 
mon), IX (X or Extra), DC (Double Common), 2X 
(two-X), ICL (Light), corresponding respectively to 
107 lb., 135 lb., 139 lb., 155 lb., and 100 lb. per base box. 
In these symbols each X represents a specific addi- 
tional weight and each L a specific decrease in weight. 
These symbols are falling into disuse, giving way to the 
more logical method of designation of pounds per base 
box. 

U. S. Wire Gages— The wire gages in general use have 
never been legally standardized in the United States; 
the practice had l^en for each of the steel wire manu- 
facturers to adopt his own gage. Chief among the his- 
torical gages are the gage of the American Steel and 
Wire Company, now a Division of United States Steel, 
which adopted the Washburn and Moen gage, and the 
nearly identical Roebling gage. Therefore, upon recom- 
mendation of the Bureau of Standards, these manu- 
facturers* gages were merged into one gage designated 
as the Steel Wire Gage (Stl. W.G.) , or the United States 
Steel Wire Gage (U.S. Stl. W.G.), which was accepted 
as the standard gage for all steel wire other than music 
wire. This is now the most commonly used steel-wire 


gage in this country. For all sheets and wire made of 
metals other than iron and steel, the Brown and Sharpe 
Gage (B. & S. G.), or American Wire Gage (A.W.G.), 
is recognized as the standard gage in the United States. 
It was prepared by Messrs. Brown and Sharpe of 
Providence, K. I., at the request of leading manufac- 
turers of nonferrous wire in this country. Another gage, 
known as the Edison or Circular Mil gage, is used by 
electrical engineers to simplify their calculations. This 
gage is based on the circular mil which is the area of 
a circle with a diameter of one mil (0.001 inch) . Other 
gages in use are the Trenton Iron Company’s gages, and 
Stubs’ Steel Wire Gage. None of the wire gages men- 
tioned above, however, has any legal authorization in 
this country. The only wire gage recognized in Acts of 
Congress is the Birmingham Wire Gage (B.W.G.), also 
known as Stubs* Iron Wire Gage, although it is not used 
to any extent by the wire manufacturers in the United 
States, except for telephone and telegraph wire (See 
ASTM A-111-52) . This gage is sometimes used in desig- 
nating the thickness of hoop and other strip steel prod- 
ucts, but the tendency in these fields is to abandon the 
use of gages entirely and specify all thicknesses in 
thousandths of an inch. 




This volume is printed on a 50 -lb. basis special book 
paper, using the type face known as 8-point Textype 
with Italic and Bold Face #2. The text columns are 37 
X 55 picas (approximately 6'Ko x inches) in size, 

printed on 7% x 10% inch pages. A 120-line screen was 
employed for all half-tone engravings used in illustra- 
tions. The binding cloth is Fabrikoid, and aluminum 
foil was used for stamping the cover design. 



INDEX 


A, tflttotl tnviMtitni 

^tetettton m 

A«temp«r*^ nugt 

aagMrtlt diMgM bi boa lau TM 
A«eritl«i^ tempinlun 
(MbltloB ns 

A, eritioBl jtanpamtim 

Maltba tss 

A*critlMl taB^wnlutt 

MU Uba TBS 

A,eritiad tenqiMsatun 

duftimon TSS 

A-ndlt SSS. SSB 

Abbott Mil loitit 829 

Abmte* 

comMioii ndalad to CLT 

Abrulon xwtotalwo 
aUoying «l«m«Bto inflo* 

(MM 8S5,84< 

hlii^*itraiiKtti ito^ 844 

nfrwtorfM in 

Abrailv* dMMlac 

bwn 855 

itadMOilaii 813,376 

flat-iolM oted prodtwti 601 

Abnlute tcmpontUM toolo...... 83 

Absolute vUeoritr 

liquid fuels 72 

Absolute xero 

deOnidoa 83 

Absorbers (see also *79aturaton^ 

ammonia recovery ...118, 119 

pyridine recovery 118 

qfney type, ammonia reoov* 

eiy 118,119 

Absoiptioa 

faMt 89 

iron oxide by basic bride 189 

unit dl by vrarii oU 123, 124 

Absorptivity 

heat 89 

Acederadon 

torque lequironaiiti tar 444 

Aeenaphtbene 

tar eonatitiiant 188 

Acetoim 


refrlgarating badi edth 

dry tea 

Acetylene 

air required fbr oombustian... 

dMUicUl formula 

cokeHOvaB gas constituent 

OMldbustitm, (dr seqolramnnt... 

co mb u st ion, heat M 

eombus i i o n , onygan raqnira* 

«4M 

WMbusthm prodbelc with air.. 

«pi pnXlliQlM Iw 190ml!ll|Sulln«a»e 

IMNH eeeeeeeeeves 

Wf^giht e.e.eaeeeeoeeee 


Wfi ll qe^ae'aneeeadeoeeepaeeeaefte 

^ M _ — aA# 

peopiw wiin 

ilr 

.. T f ypwP -gewv 


AlihU(H « t 


965 

83 

83 

US 

83 


53 

83 

83 

S3 

81 

S3 

83 

83 

11 


AcMbnibi 

WffiQQlirQC fiJi l U ll p 


•81,111,811.10 


Afild-*BMein 0 r proew 
action agents . ...219, 8T6, HI, 886 

^toblew 878; 218 

airjblastfor tTO 

•Hoy iteeli mads l^.e. W 

•luminum for nitrogen 

fbcetioa M 

Aston process use (tf 110 

teth cosnposltion changes inea. 101 

blanking of tuyeres XTI 

blowing f74» I7S» m, m 

blowing time SMsM 

bott m 

boring duHngbloWe.e.e a 118 

bottom changing a 878 

bottom house o^«.ee«eee 870 

bottom life in a 818 

capacity, U S ae.«e860, 809 

capped steel made by a... 179 

carbon blow 874 

carbon deoxidation of steel,.. , 180 
carbon relation Aiip to iron* 

oxide content 875 

charging the conwter 874, 879 

chemist of «... 877 

control of 875, 8(06 810 

control pulpit 870 

convertera for (see **Convert* i 
eta’*) 

eooknts used In... 879 
deoxidation practiicee ..870, 879, 189 
dephosphorizatkm of blown 

metal in ladle. ITS 

duplex process use of, M, 801 

duration of blow .87^ 879 

economic ooniOderatlona ....... 800 

end point in.... ......874, 870 

endothermic reectloiis In...... 877 

exotherndc reactloni In 877 

finishing additions 270 

first p^od of,.... .....a. 174 

first U. a plant 107 

flame changes 

during 874, 879, 177 

fu11*blown heats 279, 879 

future of 801 

gesea evolved in OT, 870 

heat aources for 277 

histortcel development .••..100, 808 

hot iron defined 170 

hot^metal addition fior demd • 

datto a 800 

hot*metal eonsumptlect KM 

hot metid for... 170 

hot*metal ndxeri for .170, 874 

Ingot molds lor 170 

investment costs 100 

iron ore as coolant.. 179 
troii*oxide eonient related t^ 
oat^^ content 870 

fron*oxide reeetionibi..4..b4.« W 
lron*transfer ladle Oer,. .».( lr»|>» 136 
kUlcd sled ttute 

Isdht am fbr...... 216 
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Add-Beasemer ated 

additions to 276, 280 

aging of 623 

AISl composition ranges 

for 817, 818 

alloyed 280 

black^plate grades of stec^ 

made of 585 

capped 279 

carbon deoxidation of 280 

carbon'^steel composi- 
tions 817,818 

characteristics of 268 

diemistry of mddng 277 

deoxidation of 279, 280 

dephosphorization of 278 

finishing additions 276 

hot metd for deoxidation..*... 280 
killed (see ‘^Killed Bessemer 
sted*’) 

manganese additions to 280 

molds for 276 

nitrogen In 279 

notch sensitivity 280 

plain-carbon st^ ....816,817,818 

production, annual 269 

products made from 269 

quality control of 278 

recarburization of 276 

resulphurized 818 

rimmed 279 

sheet-sted grades of steels 

made of 585 

silicon additions to 280 

strip-sted grades of steels 

made of 585 

teeming practices for 276 

temperature control in 

making 278 

tin-plate grades of steels 

made of 585, 632 

types of 269, 279 

Acid brittleness 

hydrogen as cause of 689 

Acid direct-arc furnaces 

applications of 837 

bottoms of 337, 3^, 341 

foundry use of 367, 374, 375 

ganister for bottoms 340 

pulling bottom 355 

refractories for 337, 340 

sidewalls 337, 840, 841 

steelmaking in (see '*Acld dec- 
tric-arc furnace process**) 

Acid electric-arc furnace process 

boU 355, 356 

carbon oxidation in 356 

diemistry of 855, 356 

complete oxidation practices. . . 355 

double-slag practice 8^ 

furnace additions 356 

iron ore in^ 356 

iron-oxide boU 355, 356 

ladle additions 856 

manganese oxidation In 356 

mdtdown period 355 

oreboH * 355. 856 

partial oxidation practice 355 

silicon oxidatikm In 356 

dag 855 

tapping temperatures 856 

vs^atlotts of 355 

working period 355 


Add electric-arc furnaces (see 
**Add direct-are furnaces^, dso 
**Z>lrect-arc fumacea**) 


Add flttxas 

Idllca 172 

eources of 173 


Add halogen baths 

dectrol:^c tinning in 639, 642 

Add open-hearth furnaces (see 
also **Open-hearth furnaces*') 

back wall 303 

bottom repairs for 332 

bottoms 288, 300, 332 

capadty, U. S 289 

capadty 300 

digging S29, 330 

construction of 296 

foundry use for steel cast- 
ings 367 

fritting bottom 300 

front walls 803 

furnaces in U. S 296 

hearths of 800 

maintenance of 832 

port ends for 304 

refractories for ........288, 300, 803 

repairing bottom 332 

roofs 304 

sand for bottoms 300, 301 

silica-brick applications 300 

sintering bottom 300 

slag pockets of 304 

steelmaking in (see **Acid 
open-hearth process") 


steels made in (see **Add open- 


hearth steel") 

tap hole for 800 

teeming practice 3^ 

roll-foundry use of 434 

Add open-hearth process (see 
also "Open-heaurth processes*’) 

addition agents used in 331 

aluixUna in slag 831 

analytical methods for 

control 331 

bath-composition control 331 

boil 332 

carbon-determination methods. 331 

carbon oxidation in 332 

carbon sources for. 830 

charge materials for SK, 330 

chemistry of 332 

composition control qf ha^. ... 831 
ferrous-oxide content of 

slag 331 

furnace additions 831 

furnaces used in (see **Acid 
open-hearth furnaces**) 

historical 287, 288 

iron-ore additions 8^ 

iron-oxide role in 332 

ladle additions 331 

lime in slag 331 

manganese oxidation in 3^ 

manganous oxide in slag 331 

manner of charging 830 

melting practice 3^ 

metal control * 331 

ore additions 332 

oreing down 3% 

oxidation reactions in SU 

phosphoric add anhydride in 

dag 381 

phosphorus pentoxide in dag.. 881 

phosphorus reverdon in.. SS 

pig iron for 2n 

pigging up 330 

pouring practice SSI 

purifying the metal 832 

recarburizing steel M 

scrap oxidatimt during melt- 
ing 882 

dliea content of dag 881 

dlicon oxidation in.. Stt 
dag compodtion 831 


da( eootnd SSOt m 

slag formation in 330 

sted-eompodtion control 331 

steds made by (see **Add 
open-hearth sted”) 

tapping temperature 33X 

temperature control 33X 

working the heat 33j 

Add open-hearth steel 
manufacture of (see *'Add 
open-hearth process”) 

plain carbon steds 810 

production, annual 269 

Add pig iron 

compodtion ranges for Bess- 


emer process 221 

compodtion ranges for open- 

heerth procew 221 

uses for 223 


Add pneumatic ttedmaking proc^ 
eases (see also ”Add Bess- 
emer process**, also ’'Side- 
down process”) 

prindplea of 266 

Add process 

open-hearth (see "Add open- 
hearth process”) 

Add-to-bam ratios 

blast-furnace ddpi 253 

Acid washing 

light oU 126, 127, 128, 129, 131 


Adds 

carbolic (see "Phenol**) 

characteristics of 21 

chemicd nature of 6 

corrodon caused by.. 615 

definition 26 

dibasic, definition 26 

dissodation in solution 26 

fluxing reagents 172 

hydrocyanic 2M 

orthophosphoric 30 

orthoailide 29 

pickling in solu- 


tions of 496, 553, 554, 555, 

596-601, 633, 656, 
668, 684, 685, 687, 
688. 707, 758, 759, 
786, 860, 861, 862 


polybadc, definition 26 

pyrophosphoric 30 

sulphuric 29 

tar (see "Tar acids”) 

terminology 26 

tribadc, definition 26 

Acridine 

tar constituent 132 

Actinium 

atomic number 3 

atomic wddit 8 

symbol for 8 

Activated baths 

liquid carburiring process,,,.. 815 
Active coils 


wire compresdon springs. . .720, 722 
Addition agents 
add-Beaaemcr 


process ..270, 279, 280 

add open-hearth 331 

alloy reco ve r y trom 202 

aluminum sources 203 

anthradte coal 203 

baslo open-hearih practice,.... 828 
blest-fUrnaoe ferrodliccm ...... 221 

coal 203 

cobalt soimses .,203 

coke 103 

composHlons of 892 

copper aouzees 808 



Addition agontt (eont) 

dffl lnitlttn 202 

drjringtouse Ht, 343 

electric-fuxnaea ferrosili- 

eon 203 

ferroalloy class 202 

ferroalloys defined 202 

ferrochroxnium 203 

ferrocolumbium 203 

ferromanganese 202, 221 

ferromolybdenum 203 

ferrophosphorus 203, 221 

ferroselenium 203 

fcrrosilicon 203, 221 

ferrotantalum-columbium 203 

ferrotitanium 203 

ferrotungsten 203 

ferrovanadium 203 

flowers of sulphur 203 

furnace additions 202 

graphite 203 

hardenabllity intensiflers 203 

iron-casting manufac- 
ture 380, 381 

iron sulphide 203 

killed-steel practice 397 

ladle additions 202 

loss of alloys from 202 

low-carbon ferromanganese... 202 
low-phosphorus ferromanga- 
nese 202 

manganese in 202 

manganese sulphide 203 

medium-carbon ferromanga- 
nese 202 

nickel oxide 203 

nickel sources 203 

open-hearth additions of 314 

petroleum derivatives 203 

preheating of 202 

purposes for use of 202 

rimmed steel manufacture 396 

semikiUed-steel manufacture.. 397 

silicomanganese 202 

silicospiegel 221 

silvery pig iron 221 

sizing of 202 

sodium sulphide 203 

Spiegel 203, 221 

spiegeleisen 203, 221 

standard ferromanganese 202 

stick sulphiir 203 

storage of 202 

sulphur sources 203 

timing of additions 202 

tungsten sources 203 

use of 202 

zirconium alloys 203 

Adherence 

galvanized coatings 661, 662 

663, 666, 669 

Adirondack iron ores 

occurrence 142, 145 

tttaniferous 145 

Adjusting wheel 

steel ladle rigging 316 

Africa 

iron-ore production 141 

iron-ore reserves 140 

Afterblow 

acid-Bessemer process 275, 278 

Thmnaa process * 282 

After idiear tables 
primary-mill 472 


Age hardening (see ^*AgLag*') 
Aggregate 

concrete (see **ConGrete aggre- 
iftte*’) 
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Aging 

carbon steels 

deoxidation practices relat^ 

to 

embrittlement due to 

heat-resisting steels 

iron castings 

magnetic 

stainless steel 864, 

Agitation 

quenching media 

Air 

blast-furnace consumption 

per ton of pig iron 223, 

blowing devices for 

chemical composition 

coal preparation by currents 

of 

combustion, preheated (see 
^'Combustion air, preheated", 
also "Hot Blast", also 
"Preheated air”) 
combustion requirements for 
(see "Combustion air”) 

composition 

consumption per ton of 

pig iron produced 223, 

decarburization of heated 

steel by 

deficiency of, for combus- 
tion 

enrichment with oxygen for 

combustion 

excess, definition 

gas-producer consumption of.. 

humidity 

moisture in blast-furnace 

blast • 

oxygen enrichment of 

pneumatic process use of 

preheated (see "Hot blast", 
also "Preheated air") 
preheaters for (see "Blast-fur- 
nace stoves", also "Recupera- 
tors", also "Regenerators”) 

properties of 

proportioning with fuel 

saturated 

scaling of steel in 

dry air 596, 

volume per po\md 

water vapor content 

weight per cu. ft 

Air blast 

blast-furnace (see "Cold 
blast", also "Hot blast") 

converter 270, 271, 281, 

Air blow 

water-gas production 

Air blowers 

blast-furnace (see "Blast- 
furnace blowers”) 

Air-blued sheets 

Air box 

coke ovens 96, 

Air compressors 
blast-furnace (see "Blast- 
furnace blowers") 
blast-furnace blast (see "Blast- 
furnace blowers") 

Air-cooled slag 

processing of 

uses * 

Air-core solenoid 

Air-flow cleaner 

coal preparation 

Air furnaces 
carbon oxidation in. 
iron foundry ns® ot. 



manganese oxidation in 

... 381 

822 

roU-ioundry use of 

... 434 


silicon oxidation in.... 

... 381 

586 

Air gap 


823 

ingot separated from mold wall 

875 

by 

...392 

384 

Air Infiltration 


852 

control of 86, 

88, 305 

868 

open hearth (see also "Seal- 



ing”) 

... 305 

811 

Air-line pipe 

... 726 


Air patenting 



wire 

... 706 

254 

Air port 


aoT 

open hearth 

... 303 

55 

Air preheating (see "Blast- 



furnace stoves", also Recu- 


68 

perators", also "Regenerators") 


Air-setting mortars 



constituents of 

... 185 


Aircraft-engine steel 

... 836 


Aired bars 



cementation process 

... 262 


AISI alloy steels 


55 

alloying-element minima in. 

... 826 


applications of 

... 836 

254 

boron steels 

... 829 


classification of 

835-836 

411 

composition ranges for 

827-829 


electric-furnace steels 

827-829 

56 

hardenabiUty of 826, 829, 830. 



836-838 

58 

hardenabiUty bands for. ... 

.... 838 

56 

H-steels 

.... 838 

77 

heat treatment of 

.826-835 

56 

microstructure influenced by 


alloying elements 

.... 826 

258 

numbers for .827-829, 

835-836 

86 

open-hearth steels 

.827-829 

266 

temper brittleness in 

.... 834 


tempered martensite in.... 

.... 826 


tempering 

.831-834 


AISI carbon steels (see "Carbon 


steels") 



Ajax-Northrup furnaces 


56 

induction t 3 rpe 

.... 335 

86 

Alabama 


55 

iron ores 

.... 142 


Alabama iron ores 


697 

occurrence of 

.... 141 

56 

Albite 


56 

sodium oxide-alumina-sUica 

56 

system component 

.... 194 


Alcohol 



boiling point 

.... 34 

284 

freezing point 

.... 34 


Algeria 


77 

iron-ore reserves 

... 140 


Algerian iron ores 



geologic age of 

... 142 


AlkaU-metal oxides 


625 

iron-ore constituents 

... 143 


Alkalies 


103 

alumina-silica refractories 



affected by 

.... 193 


ammonia liberation by. .... . 

... 113 


blast-furnace behavior of... 

... 253 


blast-furnace flue-dust con- 



stituents 

... 143 


cleaning agents 

... 6a 

174 

corrosion related to 

... 61d 

175 

fireclay refractories affected 


42 

by ' 

189, 193 


iron-ore constituents 

... 143 

68 

refractories constituents . * . . 

... 182 


sand constituents 

... 301 

m 

sUica brick affected by 

... 193 

881 

silica-hrick constituents . . . . 

... 180 



THE MAKING, SHAPING 


AND TREATING OF STEEL 


Alkaline bathe 
^ectrolytic 

tinning in 687, 638, 641, 648 

Alkaline cleaning 

reagents used tor 621 

AUcaline stannate bathe 

electrolytic tinning in 630 

AUotriomorphic cryetale 

characteristics 11, 385 

AUotropic dhangee 

thernial efiects of .*..34, 35 

AUotropic transformation (see 
''Transformation*') 

AUotropy 

iron 780 

Alloy cast steele 
add electric-arc furnace 

process for 356 

Alloy-iron rolls 

plate-mill 510 

rail-mUl 527 

Alloy irons 

appUcations 883 

castings of 383, 438-440 

constituents of 383 

iron-base rolls made 

from 438-440 

Alloy layer 


Alloy pig iron (see also "AUoy 

irons*') 223 

Alloy-steel rolls 

plate-mUl 510 

rail-iniU 527 

structural-mill 532 

AUoy steels 

acid-Bessemer 280 

easting compositions 368 

castings made from. . . .366, 367, 368 

dasslfication of 826 

constructional (see *'AISI aUoy 
steels") 

controUed cooling of 501, 502 

crucible process for 263 

deUnition of 826 

electric-induction furnaces for 
making 357 


electrical steels (see "Electri- 
cal steels") 


heat- and corrosion-resistant 

castings of 874 

heat-redsUng steels (see 
"Heat-resisting steels") 
heat treatment of castings made 

from 874 

hild^-strength low-alloy steels 
(see “High-strength steels**) 
bot-extrudon process 

tools 776-777 

normalizing 813 

pidcling 553 

potiring fadlittes for 343 

roUing-mill rolls of.... 434, 487 

scrap for making 205 

seamless tubes made 

from .739, 740 

dliconsteds (see “Electrical 
steds") 

stainless steds (see "Stain- 
less steels**) 

step heating of 406 

tool steels (see "AUoy tool 
Bteds**) 

sdieds of 568 

wire made from..............*. 676 

AUoy tool steels 

apbttcatioiis 638 

cbsracEterislIcs of 683 


compositions 838 

heat treatment 830 

movement in 830 

Alloyed irons (see "AUoy irons”) 
AUoying dements 
abradon resistance oontered 

by 835 

addition to sted 202 

amounts in aUoy steels 826 

austenite formers 794 

austenite stability influenced 

by 704 

carbon content of eutectold 

influenced by 794 

corrodon redstance conferred 

by 835 

creep strength related to. . ..872, 873 

electric-furnace process 

sources of 852 

ferrite formers 794 

functions of 826-835 

hardenabiUty affected by. . . .826-831 
Iron-carbon diagram altered by 

presence of 794 

loss from oxidation 202 

multiplying factm^s for 826 

oxidation of 202 

recovery from slag 174 

reduction from oxides In elec- 
tric-furnace slags 353 

rolling-mill rolls 

containing 486-440, 510, 

$27, 532 

scrap as sotirce of 205, 350 

dags as sources of 174 

steel castings utilizing 366 

tempering rates influenced 

by 831-834 

trax^ormation rates dependent 
upon 801 


AUoys 

bearing-metal 426 

freezing of, phase diagrams. ... 24 

gold-diver, freezing of 24 

gold-silver, phase diagram 24 

iron-base (see “Steels," "Cast 
iron," "Wroud^t Iron," etc.) 
iron-carbon (see "Steels," 


"Cast iron,** "Wrought iron," 


etc.) 

iron-nlekel, naturd 1 

nickel-iron, natural 1 

diver-copper, freezing of 25 

silver-gold, freezing of 24 

diver-gold, phase diagram 24 

tramp 205 

Alpha alphd lutidine 

tar constitu^t 132 

Alpha gamma lutidine 

tar constituent 132 

Alpha iron 

crystallogrophic form 789 

Alpha picoline 

tar constituent 132 


Alternating current 

characteristics of 45 

cycle defined 46 

effective value of 46 

effective value of voltage 46 

flow of 45 

frequency defined 46 

frequency changers for 49 

impedance 46 

m^anical generation of 45 

mercury-arc rectiflers for 48 

motor-generator sets tor recti- 
fication and frequency chsng** 

Ing 48 


polyphase 4B 

power factor 40 

rectification of 49 

steelmaking furnaces utUlz- 

834 

transmission of 43 

Alternating-current motors 

bar-mill applications 459 

billet-mill applicatlona 459 

hot-strlp mill applications 4$6 

Kraemer speed-control system. 450 
motor-generator sets driven 

by 454 

rol^g-mUl drives 446 

Scherbius speed-control sys- 
tem 451 

seamless tube-mill applica- 
tions 459 

speed control 450 

squirrel-cage 446 

synchronous 446 

three-high mill drives 455 

wound-rotor induction 447 

Alumina 

acid open-hearth slag constitu- 
ent 331 

alumina-dlica phase diagram.. 191 
alumina-dlica system com- 
ponent 191 

amphoteric behavior in blast 

furnaces 253 

bade electric-furnace slag 

component 355 

blast-furnace behavior of. . .253, 254 
blast-furnace slag com- 
ponent 254-257 

chemical behavior in slags 173 

chemical formula 30 

chemical nature of 30 

coke constituent 256-257 

dolomite constituent 181 

duplex-process slag constitu- 
ent 363 

ferrous oxide-alumina-silica 

system component 192 

firestone constituent 180 

fluorspar constituent 173 

flux component 173 


fused (see “Fused alumina") 
impurity in dlica brick. .. .193, 194 
iron-ore constituent . .140, 143. 145, 
151, 223. 256, 257, 360 
Ume-alumina-dlica system 

component 193 

limestone constituent 256-257 

magnesite constituent 181 

manganoiis oxide-alumina- 

dlica system component 196 

melting point of 191-195 

open-hearth slag constitu- 
ent 322, 323 

plastic refractories constitu- 
ent 185 

porfland-cement constituent .. 177 
potasdum oxide-alumina-silica 

system component 195 

retectorles eontalning . . . .181, 182 

refractoxinesl of 30 

sand constituent 301 

sandstone constituent 180 

sUica-brlck constit- 
uent 180, 181, 182, 193, 194 

dag component 173, 854-257, 

828,323, 363 

sodium oxide-alumina-silica 

system eomponeixt 194 

zinc-oxide reaction with ....... 253 

Alumlna-sUlea system 
phase diegram ...... 


183 



INDEX 


Alumiaa-slUca-fttmuB oxide 
systm 

phase diagram X92 

Alumina-siUea^lima system 

phase diagram 103 

Alumi 2 »*siliea-iiianganous 
oxide system 

phase diagram 196 

Altunina-silioa-potassium 
oxide system 

phase diagram 195 

Alumina-silica-^sodium oxide 
system 

phM diagram 194 

AJuminous fireclay brick 

linear expansion 187 

thermal conductivity 190 

Aluminum 

addition to steel 30, 202, 203, 

279, 280, 283, 285, 328, 
329, 353, 396, 397 

atomic number 8 

atomic weight 8 

boiling point 8 

calorizing process for coating 

steel with 623 

cladding steel with 623 

content of Earth's crust 6 

deoxidation with 30, 202, 203, 

279, 280, 283, 285, 328, 
329, 353, 396, 397 

emmissivity factors 59 

extraction of 30 

ferrite former 794 

fine-grain steels made by 

deoxidation with 797 

galvanizing use of 663, 664, 669 

graphitization influenced 

by 381.825 

hydroxide 30 

melting point 8 

nitrogen fixation by 280 

occurrence of 30 

open*hearth oxidation of 322 

oxidation of 202 

oxide (see “Alumina”) 

properties of 30 

reduction from ores 30 

rimming action controlled 

with 396 

scaling reduced by 876 

solution potential in various 

solutions 622 

sources of 30 

specific gravity 30 

spelter constituent 663, 664, 666 

i^nless-steel constituent 855 

symbol 8 

wire coated with 711 

Altiminum capping 

method for 586 

Aluminum-coated wire 

coating process for 711, 712 

Aluminum hydroxide 
chemical nature of. 30 


Aluminum-kiUed steel (see 
**Xilled Steen 

Aluminum oxide (see “Alumina”) 


Aluminum paint 

ingot-mold coating 396, 493 

mold coating 396, 493 

American bloomery 

wrought-iron pr^uction 207 

American Petroleum Institute 
gravi^ (see also “APX”) 

liiluid fuds 72 

American Sted A Wire Gage 

histosical W 

table 677 


Ameridum 

atomic number 8 

atomic weight 8 

symbol g 

Anunooia 

absorbers for (see also 

“Saturators”) 118, 119 

coke-oven gas constituent 113 

coking product 113 

controlled atmospheres from 

dissociation of 414 

direct process for recovery 117 

dissociation for production of 

controlled atmospheres 414 

fixed form in liquor 117 

flushing-liquor constituent .... 106 

free form in liquor 117 

indirect process for recovery.. 117 
liberation from ammonium 

salts 113 

methods of recovery 117 

nitriding in atmosphere of 815 

product of coking 113 

pyridine-sulphate springing 

with 134 

recovery from flushing 

liquor 106 

recovery of 106, 117 

saturator liquor neutralized 

with 121 

saturators for recovery of 120 

semidirect process for recov- 
ery 117 

sources in coke-oven effluent. . . 117 
^ray-type absorbers for 

recovery of 118, 119 

still for recovery of 117 

sulphuric-acid reaction 

with 117-120 

Ammonia absorbers (see also 
“Saturators”) 

spray type 118, 119 

Ammonia liquor 

dephenolizing 121 

phenol content 120 

phenol recovery from 121 

processes for ammonia 

recovery from 117 

source of 113 

treatments to recover 

ammonia from 117 

volume produced per ton of 

coal coked 113 

Ammonia still 

fixed leg 118 

free leg of 117 

lime leg 118 

operation of 117 

Ammonium carbonate 
pyridine-base recovery procem 

reagent 121 

Ammonium radical 22 

Ammonium salts 

ammonia liberation from 113 


Walputte low-differential con- 
trolled-crystallizatioii proc- 


ess for producing 119 

Amorphous carbon 

specific gravity 29 

Amorphous graphite 

refractory applications 181 

Ampere 

definition 40 

Ampere-tums 

definition 42 

Amphoteric compounds 

flux components 172 

Amphoteric elements 

definition 6 

Amylenes 

light-oil constituents 123, 129 

Analysis 

chemical (see “Chemical 
analysis”) 

Andalu^te 

characteristics 181 

Angle bars (see “Joint bars”) 

Angle of bite 

definition 389 

Angle passes 

rolling-mill rolls 432 

Angles (see also “Structural 
sections”) 

roll passes for 432, 532-538, 549 

roll passes for small 549 

rolling of 432, 532-538, 549 

Angstrom unit 14 

Angular rolling method 

raUs 525,526 

Anhydrides 

definition 21 

Anhydrous ferric oxide 

iron-ore constituent 139 

Animikie iron-ore range 

location 152 

Annealed wires 

characteristics and uses.... 712, 713 
Annealing 

bars 560, 561 

black plate 633 

bright 414, 417 

carbon steels 822 

cold-drawn seamless tubes 762 

full annealing 560, 813 

furnaces for (see “Annealing 
furnaces”) 

Isothermal annealing 560, 813 

lead annealing at wire 705, 706 

malleable castings 383 

muffle annealing of wire 705 

pot annealing of wire 705 

power consumption by tin mills 

for 443 

process annealing 561, 814 

purposes of 560 

salt-bath annealing of wire. ... 705 

ipheroidize anneal^ 814 

steel castings 374 

subcritical annealing 561 


ammonia-liquor constituents . . 113 


Ammonium sulphate 


agricultural use 

ammonia content of 

centrifugal dryers for 

color ....... ...I*--*. 

... 137 
... 117 
... 119 
... 117 

ciy^rtallization control 

... 119 

diyers for 

... U9 

recovery as coal chemical. . . 

...117 

saturators for producing.... 

... UO 

washing 

... UO 

weight produced per ton of ooal' 

coked 

... m 


tube annealing of wire. 


tubular products 


wire 

701, 702, 70S 

Annealing cycle 

bell-type furnaces 

416 

Annealing furnaces 

bell-type 


continuous-strand type 

419 

galvanizing-line 


insulating firebrick for. 


plt-typ. 

416 

tower type 


tumiel-t^ 
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Anodes 

electrolytic«cdl 015 

electrolytic-tinning resctlons 

at 637 

galvanic 619 

tin for electrolytic tinning..,,* 642 
Anodic coatings 

characteristics of 61S 

Anorthite 

lime-aluxnina*sllica system 

component 193 

Anozinc process 
galvanized coatings treated 

by 626 

Anthracene 

tar constituent 132, 133 

Anthracene<oil fraction 

tar refining 133 

Anthracite coal 

acid <H>en-hearth recarburizer. . 331 

addition agent 203, 331 

characteristics of 62 

cleaning (see Xoal prepara- 
tion**) 

compodtion 62, 279 

consumpUon 34 

fixed carbon range of 64 

origin 62 

preparadon (see **Coal prepara- 
tion**) 

producer gas made from 77 

seam characteristics 63 

volatile matter in 64 

washing (see *'Coal prepara- 
tion**) 

Anthracite pig iron 223 

Anthraxylon 

characteristics of 63 

Anticlines 71 

Antimony 

atomic number 8 

atomic weight 8 

babbitt constituent 426 

boiling point 8 

melting point 8 

Spelter constituent 666 

symbol 8 

white-metal constituent 426 

Antimony hydrochloride test 

galvanized wire 711 

Anvil effect 

hardness testing 896, 898 

A. P, I. casing 

long-coupling type 782 

standard 782 

A. P. X. external upset tubing 

characteristics of 782 

A. P. I. gravity 

liquid fuels 72 

A. P. I. internal upset drill pipe 

characteristics of 785 

A. P. I. Une pipe 

characteristics of 782 

A. P. X. standard ttttdng 

characteristics of 782 

Appalachian coal region 
important coals of northern 

portion 66 

Apparent porosity 

basic Mck 188 

burned dirome-magnesite 

bride 188 

burned magnesite briek.., 188 

mubon block 188 

chemically bonded ehrotne* 

magnesite brick 188 

ohmnioaUy bonded magnesite* 
chroma brick W 


dirome brick 188 

chrome-magnesite brick 188 

fireclay refractories 188 

fired chrome-magnesite 

brick 188 

fired magnesite brick 188 

forsterite brick 188 

high-alumina brick 188 

high duty fireclay brick 188 

intermediate duty fireclay 

brick 188 

ladle brick 188 

low duty fireclay brick 188 

magnesite brick 188 

magnesite-chrome brick 188 

silica brick 188 

siliceous fireclay brick 188 

super duty fireday brick 188 

super duty silica brick 188 

refractories 187, 188 

Apparent valence 22 

Approach angle 

wire-drawing die 689 

Approach tables 

blooming-mill 472 

Apron 

tinning-machine 635 

Arc 


electric (see “Electric arc”) 
Arc furnaces (see “Electric-arc 


furnaces*’) 

Arches 

rise of ' 303 

Argentina 

iron-ore reserves 140 

Argillaceous limestone 
Portland cement raw material. . 179 
Argon 

atomic niunber 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Armature-binding wire 

characteristics of 715 

Aromatic crude petroleum 72 

Aromatic hydrocarbons 

coking products 113 

light-oil constituents 123, 126 

tv constituents 131 

Arsenic 

atomie number 8 

atomic weight 8 

blast furnace behavior of 253 

boiling point 8 

iron-ore constituent 144, 151 

melting point 8 

open-hearth behavior of 322 

ssmibol 8 

Artificial graphite 

refractory applicatioxui 181 

Artificial magnets 36 

Ascension pipes 

coke ovens 93, 98, 105 

Adi 

coke constituent 90 

soUd fud 62 

Ada 

iron-ore produedon 141 

iron-ore reserves 140 

Asphaltic compounds 

petroleum constituents 72 

A^haltum 

organic-coating component *.,,629 
Assel ndU 

seamless-tube ndll 755 

Associated molecules 6 

Assorting 

tinplate 636 


Astatine 

atomic number $ 

atomic weight 8 

symbol 8 

Aston process 

wrought-iron manufacture.211, 215 

Atikokan iron-ore range 152 

Atmosphere 

controlled (see '’Controlled 
atmospheres**) 


Atmosphere gases (see "Controlled 


atmospheres**) 

Atmosphere melting 

technique for 857 

Atmospheric corrosion 
carbon steel in industrial 

atmosphere 843 

chromium confers resistance 

to 866 

copper-beving steel 843 

high-strength steel 843 

stainless steels .865, 866 

tin-plate 650, 651 

Atomic nucleus 7 

Atomic numbers 

chemical elements 8 

definition 7 

Atomic structure 7-11 

Atomic weights 

chemical elements 8 

definition 7 

Atomization 

fuel oils 73 

liquid fuels 73 

Atoms 

compound 6 

definition 6 

divalent 22 

electron groups in 9 

electron shells in 9 

electrons in structure 7 

energy levels in 9 

interstitial 15 

mass defect 11 

neutrons in structure 7 

nuclear mass of 7 

nucleus of 7 

protons in structure 7 

structure of .7-11 

substituUonal 15 

trivalent 22 

univalent 32 

valence of .21, 22 

Attritus 

characteristics of 63 

Austempering 

cvbon steels 822 

principles of 812 

wire 707 

Austenite 

characteristics of 789 

stability influenced by alloy- 
ing elements 794 

steel constituent 789 

transfonnatiOn of 797-806 

Austenite formers 

definition 794 

Austenite grain size 
austenitiring temperature 

influences 796 

determination of .795 

factors Influencing 794 

finishing temperature deter- 
mines 821 

Steel pro|>erties influenced by. , 795 
transformation rate related to. . 804 
Austenitic stainless steds 
appUcatiemi 870 
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Austenitic stainless steels (cent.) 

cold working of 860 

hot working of 859» 860 

modulus of elasticity 880 

Austenitizing temperature 

grain size influenced by 796 

selection of 810 

Australia 

iron-ore reserves 140 

Austria 

iron-ore reserves 140 

Autographic-diagram method 

yield-point determination 891 

Automotive-part steels . . * 836 

Available ba^ 

fluxes ; 173 

Aviation fuels 

benzene in . . . 127 

Avogadro*s principle 

application of 55 

definition 19 

Awaruite 1 

A» W. G. (see ‘*Brown & Sharpe 
Gage”) 

Axes 

crystallographic 12 

Axial porosity 

ingot phenomenon 395 

Axles 

boring 580 

centering 580 

classes of 578, 580 

compositions of steels for 578 

cutting off 580 

dust guard on 568 

end collar of 568 

finishes for 580 

finishing operations on 580 

forging of 578 

heat treatment of 578, 582 

journal of 568 

machining 580 

production of * 578-582 

quenching 582 

rough turning 580 

steels for 578 

straightening 580 

testing of 582 

turning 580 

types of 578 

Azeotropic distillation 
pyridine-base recovery by 122 

B. & S. G« (see “Brown & 

Sharpe Gage“) 

B-rails 528 

Babbitts 

compositions 426 

Back electromotive force 

definition 45 

Back e.m.l 45 

Back relief angle 

wire-dravdng die 689 

Back roller tables 

blooming-mill 472 

Back rolls 

wheel-mill * 574 

Back walls 

acid open-hearth 303 

basic open-hearth 200 

open hearth 200, 297, 299, 303 

Backing-up ring 

pipe welding with 785 

Backing^up rolls 

duster-x^ 420 

four-Mifli rolling mills 420 

Bag Altera 

blast-furnace gas cleaning 236 


Bainite 

austenite transformation to.... 798 


characteristics of 798 

properties of 800 

Bakers 

compartment-type 689 

flash-type 689 

tunnel-t5T)e 689 

Baking 

acid brittleness avoided by. .... 689 

core-plate coatings 8^ 

cores 871 

molds for sted-base rolls 435 

organic coatings for drying 629 

rods 689 

special wires 698 

wire 698 

wire rods 689 

Baking discoloration 

tin plate 646, 650 

Balanced-beam control 

electric-arc furnace 348 

Balanced biaxial tension 

prindpal stresses in 892 

Balanced triaxial tendon 

principal stresses in 892 

Balancing 

chemical equations 20 

rolling-mill rolls 426, 5(M3, 510 

519, 521, 502 

Bale ties 

wire for 719 

Ball mills 

cement grinding 179 

Ballast 

slags for 172, 175 

Balling 

puddling process 212 

Balling furnaces 

wrought-iron production 213 

Balls 

Brinell hardness tester......... 897 

Band 

bar-mill product 558 

Band iron 

rolling mills for 545 

Band mills 

rolls for 439 

Banded ingredients 

bituminous coal 63 

Banding 

causes of in steel 387 

Bank process 

lightweight slags 174 

Bank sand 

steel foundry use in moldizig. . . 367 
Bank system 

beehive coke ovens. 91 

Banking 

blast furnaces 249 

Banks 

open-hearth 298, 299 

Banox process 

galvanized coatings trcMitad by. 626 
Bar coils 

processing of 552, 554 

Bar furnaces 

sheet-bar heating in 594, 595 

Bar mills 

angle rolling in 550 

arrangements for 540-546 

band produced in* 545, 558 

Belgian mills *542, 543 


concrete-reinforcing bars pro* 

duced in **.559 

continuous, drives for... .t.,.., 459 
continuous principle 


applied to 459, 548-545 


cotton tie rolled in $45, 558 

cross-country type 544, 545 

defects on product 558-557 

descaling passes in. 547 

diagonal passes 548, 549 

diamond passes 546 

edging passes 547 

evolution of 540-545 

fence-post rolling 549 

finishing facilities for 5W-5^ 

finishing stands 542 

fiat-and-edge passes 547 

flat passes 547 

flat-rolled products 558 

gothic passes 546 

guide mills 541 

guide-round passes 546 

half-oval-bar rolling 548, 550 

half-round-bar roUmg 548, 550 

hand bar mills 540, 541 

hand-round passes 5^ 

heat-treating equipment 

for 562-567 

heat-treating procedures 

used in 560-567 

hexagonal bar rolling 548, 549 

hoop produced in 545, 550, 558 

hot beds for 551 

inspection procedures 556-557 

leader stands 542 

looping mills 543, 544 

merchant-bar mills 540-550 

narrow fiat-rolled products 

of 558 

narrow strip rolled in 545 

nomenclature of 540-541 

octagonal bar roUing 548, 549 

open-square passes 546 

oval passes 546, 547, 549 

packaging and loading pro- 

. cedures 559-560 

planishing stands 542 

pony stands 542 

power requirements of 443 

rail-slitting type 545, 546 

reinforcing bars produced In. . . 559 

repeaters for 543 

roll passes for 546-550 

rolling procedures in 540-550 

rolls for 438, 439, 546-550 

roughing stand of 542 

seaj^ess-tube mills 740 

sections rolled in 548-550 

shaped bars rolled in 548-550 

shipping facilities 559-560 

square-bar rolling 548, 550 

square passes 546-550 

strand stands 542 

tandem arrangements in. . . .543-545 

testing of products 557 

three-high stands in 540-542 

iongue-and-groove 

passes 546, 543. 550 

triangular-bar rolling 548, 550 

two-high stands in 540-546 

window-sash rolling 549 

Bar shears 

sheet bars cut on 595 

Bar steel 

cementation process for 262 

Baraboo quartzite 

occurrence 130 

Barba’s law of similarity 

definition 892 

Barbed wire 

historical 675 

Barbed-wire fence 
types of 718 
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Barbi 


barbed-wire 


Barffing 


process for 


Btf ite-and-water flotation 


coal preparation 

68 

Barium 


atomic number 

8 

atomic weight 

8 

blast-furnace bdiavior of. 

253 

boiling point 

8 

meltii^ point 

8 

symbol 


Barney 


car-dumper auxiliary 

242 

Barrel 


cement, wdght of 

179 

steel-ladle rigging 


Barrel pass 


pximaiy-mill 


Barrel-type reheating furnaces 

principle of 

.410, 411 

Ban 


abrasive cleaning 

555 

aired 

262 

angle (see **Joint bars'*) 


angles 

549 

annealing of 

.560, 561 

bend tost for 


blast cleaning 

555 

buckled ti It-. * 

557 

burned stedi as source of 


defects in 

557 

cambered 

557 

centerless grinding 


chipping for conditioning. 

557 

coiled 


cold-rolled 

584 

cold sawing 

.551, 552 

concrete-reinforcing 

559 

conditioning 


cutting 

.551, 552 

descaling 


directional properties of. . . 

821 

drying after pickling 


etch test for...... 


fence-post 

549 

file test for 


finishing 

..550-559 

fins on 

558 

fire-cracked rolls cause 


defects in 


flat 548. 549, 584 

friction sawing of 

.551. 552 

full annealing of 

560 

grinding 

.552, 557 

grit blasting 

555 

grit-blasting test for 

557 

half-oval 

..548, 550 

half-round 

.548, 550 

handling equipment for. . . 


beat-treating of 

..560-567 

heating for quenching 

..562-567 

hexagonal 

..548, 549 

hook in 

$57 

bot-roUed 

m 

hot sawing of 

.551, 552 

inspection of 

..556, 557 

isotiiermal annealhig of... 


Joint (MO ‘‘Joint ban”) 


kiltked 


laps in 


lime coating 

554 

loading techniques 

..98-560 

magnaflux teit for. . 


marking for identiflea- 


tion 

.589, 560 

twMMwhtaw# 

... 0 .' 214 


m 


octagonal 148, 548 

oiliiig 554 

overfflla on 556 

packaging 558-560 

pickling 553 

pickling test for 557 

pipe defect in 557 

process annealing of. 561 

quenching of 561, 562, 565, 567 

rail- joint (see **Joint bm**) 

reinforcing 558 

roll marks on 556 

roUed-in scale on 557 

rolling of 540-550 

round-edge flat 548, 548 

sandblasting 555, 556 

aawing 551, 552 

scale removal from 553-556 

scratches on 557 

seams in 556 

idiear distortion in 557 

shearing 551, 552 

sheet 584 

shipping facilities for 558-560 

size limitationa of 584 

sizing 552 

slivers on 556 

Spheroidization of 561 

splice (see '*Joint bars**) 

square 548, 550 

square-edge flat 548, 549 

stainless-steel, roUing 860, 861 

stationary pickling 553 

straightiming 552 

subcridcal annealing of 561 

surface defects on 556 

tempering after 

quenching 562, 566, 567 

testing of 557 

triani^ar file steid 548, 550 

turning 552 

twisted 557 

underfilled 556 

upset test for 557 

vat pickling of 553 

window-saSti 549 

BarschaU rail joint. 529 

Barvoys process 

coal prcqMuratlon 68 

Base 

available 173 

Ba sft box 

definition 631, 928 

Base plates 

blast-furnace 225 

Base weights 

fin plate 631 

Bases 

chemical nature of 6 

characteristics of 21 

definifion 26 

dissociafion in solution 26 

fluxing reagents 172 

terminology of 26 

Basic anhydrides 

definition 21 

Basic Bessemer process (see 
**Thomas process**) 

Bafic brick 

apparent porosity 188 

electric melfing-fumace 

use of 837, 340 

open-hearth use of 204 

basic electric-arc-fumace wall 

refractory 200 

bulk density 188 

burafing 189 

chemical composifidns ......... 182 

1 - I -- r I r r 184 


obld strength of 

deformation under load 188 

density of 188 

drying of 184 

forsterlte as bond in 195 

beafing-fuxnaoe refractory . . . . 20i 
bot-load resistance of. ... . .188, 190 

iron-oxide attack on. 189 

linear expansion of 187 

magnesite for 185 

melting points of some constit- 
uents 187 

metal encased 184, 201, 303, 304 

modulus of rupture 188 

open-hearth furnace appU- 

cafions 189, 200 

open-hearth roofs of..... 189 

peelina of 199 

physical properties 188 

shear failure of 190 

soaking-pit refractory 201 

apalling resistance 188, 191 

specific gravity of 188 

thermal propi^es 188 

true specific gravity of 188 

Basic direct-arc furnaces 

applications of 337 

bottom repairs 354 

bottoms for 337, 340, 341 

charging faculties for 350 

cold-melt process in 337 

dolomite for bottoms 337 

foundry use of 367, 374, 375 

hot-m<^ utilization in 337 

magnesite for bottoms of... ^7, 340 

power requirements of 350 

refractories for 200, 337, 340 

roots tor 337 

sidewalls for 337 

slag control in 339 

slags used in 339, 352, 353-355 

Basic electric-arc furnace process 
alloying-dement additions 

in 353 

alloying elements obtained 

from reducing slag 353 

calcium carbide in reducing 

slags 353 

carbon oxidafion in 352 

charging the fumace 352 

chemistry of 31^, 353 

chromium reduction from 

reducing slag 353 

desulphurization in 353, 355 

double-slag practice 353 

ferro-sUkon in 353, 355 

fumace additions 353 

furnaces for (see *'Ba8ic 
direct-arc furnaces**) 
induction stirring of hafti 853 


iron reduction from reducing 

slag 853 

ladle practice 354 

lime-^umina slags 353 

Ilme-sUica slags ^ 3^ 

low-carbon stc^ess steels 

made by 855 

manganese oxidation in, $52 

manganese reduction from 

reducing afog 353 

meltdown perM 852 

meltdown slag ....... 4 . 832 , 838 , 355 

mold praetioe 854 

DSfiod 852 

oxidising dlag 2^ 14(3, 355 

oxygen louroes for 352 

phosphorus revtfsion In 352 

plimt layout lor 350 
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procMB <eont) 

pouring practice 854 

reducing ilage for 3S3, 855 

refining period 853 

refining slag 355 

scrap utilization In 850, 351 

silicon oxidation in 352 

single^idag practice 853 

slag control 354 

slag-xnaking materials 353 

idags 852» 853, 354, 355 

steelmaldng practices 350-355 

stodcing raw materials for 350 

tapping practice 354 

tungsten reduction from reduc* 

• ing dag 353 

vanadium reduction from 
reducing slag 853 


Basic electric-arc furnaces (see 
**Ba8ic direct-arc furnaces”, 
also ”Direct-arc furnaces”) 


Basic fluxes 

available base in 173 

calcium carbonate 172 

calcium-magnesium carbonate. 172 

dolomite 172 

limestone .172, 173 

preparation for use 173 

sizing 173 

soiurces of 173 

Basic hearths 
electric direct-arc 

furnaces 337, 840. 341 

open-hearth 298 

Basic open-hearth furnaces (see 
fidao ”Open-hearth furnaces”) 

air infiltration in 805 

air preheating for 297 

back waU 297, 298, 303 

balanced design for 303 

banks 298, 299 

basic-bridk roofs 189 

bonded roofs i,...302, 303 

bottom-making ramming mix- 
tures 185 

bottoms 288, 297, 298, 

299, 318, 819 

breakouts 819 

buckstays 298 

bulkhead 297 

bumed-in bottoms 299 

burned magnesite in 288 

burner arch 298 

biimers for 304, 310 

calcined dolomite applications 

in 200 

Campbell tilting type 359, 361 

capacity, U, S 289 

cellar 298 

charging boxes 290, 293 

diarging doors 297, 298 

charging floor 290 

charging-floor cranes 290, 292 

charging machine 291, 292, 293 

charging aide * 290 

checkers (see "Regenerators”) 

Chiu 297 

chrome ore applica- 
tions in 184, 200, 820 

dinkered dolomite used 

la 200, 319 

cranes 290, 291, 292 

crew fbr operating 208 

dampers 297. 298 

deed^bumed dolomite used in. 18$ 

deed-bimied magnesite used 

in mm 


doghouse 804 

dolomite used in 1^ 200, 319 

dolomite machine for 318 

door lining 184 

doors 297, 298, 301 

draining 

end walls 200, 304 

291, 297, 305, 306 

fantail flues 297, 298 

fantalls 804 

fettling 818 

fireclay applications In 820 

fireclay brick 200 

first helper 308 

flues 200, 291, 297, 298, 805 

forced-draft fans 291, 297, 805 

front waU ....200, 297, 298, 299, 301 

fuel ports 304 

furnace attendants 808 

granular refractories used in. . . 184 

hearth 200, 296, 298 

high-alumina brick 200 

hot-metal ladle 291 

hot-metal mixers ^2 

induced-draft 

fans 291, 297, 305, 806 

ingot run 291 

insulating brick lor 200 

insulating concrete for 200 

insulation 200, 301, 303, 30i 305 

Isley draft system for 307 

knuckle 298, 302, 303 

ladles 292, 315 

lean-to 291, 293 

magnesite applications 

In 185, 200, 320 

main roof 303 

maintenance 318 

melter foreman 308 

mixer building 292 

mold yard 291, 293 

monkey walls 304 

mortars 200 


operation of (see **Ba8ic open- 
hearth process”) 

pan bottom 296 

pit side 292 

plant layout 289 

port ends 304 

port roofs 298, 303, 304 

port side walls 200, 304 

port slope 298, 304 

ports 296, 303 

pouring floor 292 

pouring platform 291, 292 

pouring-side crane 290 

raznmed bottoms for. . .185, 200, 299 

ramming mixtures 185, 200, 299 

raw dolomite for repairs 319 

retactories 288, 298, 299, 

301, 303, 804, 819, 
320, 321 

regenerators (see "Regenera- 
tors”) 

repclni to 318 

ribbed ring roofs 802^ 803 

ring roofs 302, 803 

roof life SIB 

roofs 180, 200,208,303 

run-oR notch 300 

scrap drop 294 

sealj^ walls .......*...301, 808^ 30$ 

second helper 308 

semi-siUca brick 200 

iUica brick 200 

single-bumed dolomite for 

repairs 

gintmd bottoms * 29B 


skewback channel for 299, 801 

ricewback of 298, 299 

dag pockets 200, 297, 298, 804 

slag thimble 291 

yard 294 

sloping back wall 298, 299, 803 

solid bottoms 298 

spout cranes 292 

stacks 297. 298, 306 

steel ladles for 291, 315 

stock yard 291, 292 

stripper building 294 

struts 298 

tap hole 299 

tapping-hole casting 299 

tapping-hole dosing 318 

tapping spout 298, 299, 800 

third helper 808 

tie rods 298 

tilting types 359 

trackage 290, 293 

two-level diop 290 

uptakes 200, 297, 298, 304 

valves 297, 298, 305 

waste-heat 

boilers 293, 297, 298, 306 

Wellman tilting type 359 

wind box 304 

wing walls 304 

Basic open-hearth process (see 
also "Open-hearth processes”) 

addition agents for 328 

additions during tapping 314 

alumina in slag 322, 323 

aluminum oxidation in 322 

analytical methods for control. 324 

arsenic behavior in 322 

basicity of slag 326 

bath composition control 324 

black-plate steels made from. . . 585 

blocking of heats 328 

blown metal in charge 308 

bottom boils 318 

carbon content of bath at mdt 

down 312 

carbon determination methods. 324 
carbon dioxide reactions in. . , . 311 
carbon monoxide reactions in. . 311 
carbon oxidation 

in 310, 311, 822, 328 

carbon-oxygen relationships 

In 328 

charge oxidation during 

melting 810, 822 

charging 808 

chemistry of process 821, 329 

chromium oxidation in 322 

cobalt behavior in 322 

coltunbium oxidation in 322 

combustion control 310, 320 

combustion improvement in. .. . 310 
composition control of bath. ... 824 
compressed air as combustion 

aid m 

copper behavior in 822 

deoxidation in furnace 328 

dephosphorization in ..827 

desulphurization in 827 

duplex process use of.. 859, 861 

duration of various periods in 

process 313 

economic factors in opera- 
tion 320, 8a 

feed ore 31% as, 3a 

fecric oxide in riag 828, 823 

ferrous oxide In slag 32% 823 

ferrous oxide role in.. 227 

fifty-fifty practice 200 
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Bfttie open-hearth procesi (cont) 


finishing period 827 

finishing temperature 814 

fiames 811 

fluorspar as flux... 811, 313 

flush practice 309, 311 

fluxes for 172, 173, 311 

foaming of idag 311 

foimdry use for steel castings. . 367 

front flushing 311 

fucd consumption 320 

fuel economy in 83 

furnace deoxidation 828 

hearth area related to produc- 
tion rate 321 

heat balance 320, 321 

heat time 313 

heat transfer from flame... 311, 812 

heat utilization 83 

Henry's law applied to 325 

high molten pig iron prac- 

ttce 309 

historical 287. 289 

hot-metal addition 309, 313 

hot metal in charge 308, 309 

inclusions in steel 329 

instrumentation 320 

iron ore in charge 309, 322 

iron oxidation in 310, 322 

iron-oxide boil 311 

Jet tapper 314 

ladle additions ..314, 328 

law of mass action applied to. . 325 

laws of chemical action 324, 325 

lime boil 311, 313, 323 

lime in slags 322, 323, 326 

lime ridges on hearth 318 

lime-silica ratio of slags 326 

limestone calcination in 323 

limestone in charge 308, 309 

limestone sizing for 173 

loam applications in 320 

magnesia in slag 322, 323 

manganese oxidation 

in 310, 811, 322 

manganous oxide in slag. . . .322, 323 

mass action law applied to 325 

melting down the ^arge...310, 313 

metal control 334 

mold additions 828 

molybdenum b^iavior in. 322 

Nemst's law of distribution 

applied to 325 

niekk behavior in 322 

nonmetallie inclusions in steel. 329 

ore boU 311, 313, 322 

oxidation in 310 

oxidation of charge.. 310, 822 

oxygen-carbon relation^ips 

in 828 

oxygen content of ste^ 

r^ted to slag baideity 827 

oxygen for rapid oxidation of 

bath 312, 313. 321 

oxygen sources for process. .... 309 

port roof 302 

phosEfltoric-aeid anhydride 

in slag 322, 323 

phoigflierus oxidation 


cos, OAV, MX, 

322, 827 

phosphorus pentoxida in 

|]|ig 822, 823 

phoiSphorus reversion 328 

pig iron for 221 

pig iron tn charge*. *«•««• *.306, 309 

pit scrap 806 

positive-pressura operation .... 805 
pouring steal 294 


production rate 820 

Raoult's law applied to 325 

recarburizing 812 

refining period • 311 

refining reactions related to 

slag composition 326 

residual elements 324 

reversal 305, 820 

roll-scale additions 312, 813 

run-off slag 323 

scrap in charge 308, 309 

scrap oxidation in 310, 322 

sheet-steel grades of steel 

made in 585 

silica in slags 322, 323, 326 

silicon oxidation In 310, 311, 822 

slags (see ''Basic open-hearth 
slags*’) 

spectrographic control 

analyses 324 

steel composition control 324 

steel tapping temperature...... 814 

steel types produced In 313 

strip-steel grades of stedis 

made in 585 

sulphur behavior in . . .311, 323, 327 

sulphur in slag 322, 323 

sulphur reactions 

in 310, 311, 323, 327 

sulphur removal in 327 

tapping 314 

tapping temperature 314 

teeming operations 294 

temperature considera- 
tions 322-324 

temperature control 324 

tin behavior in 322 

tin-plate grades of steels made 

in 585 

titanium oxidation in 322 

ttmgsten oxidation in 822 

vanadium oxidation in 322 

van’t HofTs law applied to 325 

working period 3U, 313, 324 

zinc oxidiation in 322 

iasic open-hearth slags (see also 
"Open-hearth slags”) 
basicity related to oxygen 

content of steel 326, 327 

blast-furnace use of 174, 223 

compotitions 322, 323, 325 


VUUIXUX ..IXX, «JU>, 

323, 324, 326 

foaming of 311 

formation of 311 

iron content 223 

manganese in * 223 

oxygen content of steel related 

to basicity 327 

pancakes to control 824 

phosphorus In 145 

run-oflf dags 309, 811 


dag-control methods . .311, 312, 813, 
823, 324, 326 

dag pancakes to control... 309, 311 
soil conditioners from. .145, 175, 177 
Bade open-hearth steels 
AISI oompodtion ranges 


to carbon steds 817, 818 

alloy'-itol compodtions ....827-829 
carbon-sted compositions . .817, 818 

plain carbon steels,.. 818 

production, annual 169 

rephosidioHzed 818 

resulphuiized * 818 

eeanfiess-tube steds 740 

tin plate made from 632 

Bade ores 

pfeuNqphortts eontent 141 


Bade oxygen steelmaking 

processes to 285 

Bade pig iron 

cpmpodtion ranges to Bessemer 

('!^omas) process 221 

compodtiem ranges to open- 

heartii process 221 

production, annual 220 

iises to 223 


Bade pneumatic steelmaking 
processes (see also 'Top- 
blown oxygen steelmaking 
processes,” also "Thomas 
process") 

principles of 266 

Bade r^actories 

open hearth use of 200, 301, 303 

Bads weight (see "Base wd^t”) 


Basket pouring 

sted 317, 354 

Bastar hematite iron ore 

geologic age of 142 

Batch carbonating system 

phenol-recovery process 134 

Batch causticizers 

phenol-recovery process 136 

tar-acid recovery process 136 

Batch pickling 

acid concentration to 600, 601 

flat-rolled products 600-601 

temperatures used in 600, 601 

Batch rectifier 

phenol-recovery process 134 

sodium phenolate 134 

Batch stills 

control 128 

Ught-oil refining 127 

operating principles 127 

tar-acid refining 136 

Batch-type heat-treating fur- 
naces 

types of 415 

Batch-type heating furnaces (see 
also "Batch-type reheating 
furnaces") 

applications of 400 

principle of 399 

Batch-type reheating furnaces 
(see also "Batch-type heating 
furnaces") 

advantages of 408 

capacities 411 

disadvantages of .408 

principles of 406, 407 

Battery 

coke-oven 93 

Bauemofen 

characteristics of 208 

Baum4 gravity 

liquids 72 

Bauxite 

occurrence 181 

Beading test 

galvanized dieets 672 

Beads 

cement sted 262 

Beam-and-poise madiine 

tendon-test 882 

Beam blanks 

rolls to 476 

Beam passes 

rolli^-miU rolls 432 

Bearhig chock 

rolling-inlll 426 

Bearing metals 
cmnpodtioiis ..... 

Bearing zone 
wlre-dxtwlng die 


426 
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Bearings 

chock-igrpe 426 

hand hot mills 595 

hot*strlp-inlU stands 562 

pinion 424 

plate-mill toUs ..«.508» 510, 515, 510 

primary-mill 478 

rolling-mill 426, 478, 508, 510, 

515, 519, 592, 595 

spindle 424 

Bedson mills 

wire-rod rolling 678 

Beehive coke 

coal consumed in making 68 

coals for (see ''Bituminous 
coal**) 

color characteristic of 91 

combustion of 68 

drawing ftom ovens 93 

hand drawing method 93 

handling at ovens 93 

machine drawing from ovens ... 93 
ovens for produdng (see "Bee- 
hive coke ovens") 

present status of 93 

structure of 93 

temperatures for making 91, 92 

U. S., coal consumption h\ 

manufacture of 68 

watering of 93 

Beehive coke ovens 
bank system of construction 

for 91 

charging methods 92 

coke-handUng methods 93 

coke removal from 93 

coking process in 92 

construction of 91 

control of 92, 93 

double-block system of con- 

strucUon for 91 

drawing coke from 93 

hand drawing coke from 93 

leveling of charge 92 

machine drawing of coke from. 93 

operation of 92 

present status of 93 

principle of operation of. 90 

removal of coke from 93 

single-block system of con- 
struction for 91 

temperature of operation 92 

waste-heat recovery from 91 

watering coke after drawing. . . 93 
Belgian mills 

arrangement of 420 

bar-rolling in 542, 543 

Boecker’s type 682 

wire-rod rolHng 678, 682 

Belgian Zinc Gage 928 

Bell (see also "Bells") 

butt-weld process 724, 728 

Bell and hopper 

blast-funmces 229 

Bell angle 

wire-drawing die 689 

Bell beams 

blast-furnace 231 

Bell rods 

blast-furnace 223» 229, 230, 231 

Bell-type furnaces 

heat-treating appheations 415 

B^lows 

air-blowing 207 

Bells (see also "Bdl") 

blast-furnace 223, 229, 230 

tar extractor 117 


Belly 


roU-pass 

477 

Belt conveyors 


iron ore 


Bench 


coke oven 

168 

Bend testing 


bars 

557 

galvanized sheets 


techniques for 


Bending 


plates for pipe 

736 

rolls 



Beneficiation 

blast-furnace raw materials. ... 259 
iron ores ....139, 146, 149, 156, 157, 
160, 161, 163, 258 


refractory raw materiiils 183 

Benzene 

air required for combustion. ... 53 

boiling point 127 

carburetted water-gas constit- 
uent 81 

chemical formula 53 

coke-oven gas constituent 81 

combustion-air requirement ... 53 
combustion products with air. . S3 
combustion requirement of 

oxygen 53 

crude (see "Crude benzene") 
entrainer in azeotropic distil- 
lation 122 

ethyl (see "Ethyl benzene") 
due products of combustion. ... 53 

heat of combustion 53 

light-oil-constituent ..115,122, 123, 
126, 127, 128, 129, 181 

molecular weight 53 

motor fuel 127, 128, 131 

natural-gas constituent 81 

oil-gas constituent 81 

oxygen required for combus- 
tion 53 

products of combustion with 

air 53 

recovery from light oil — . .126-131 

specifle gravity 53 

tar constituent 132 

uses for ...127, 138 

Benzolized wash oil 

definition 125 

steam distillation for light- 

oil recovery 125 

Berkelium 

atomic number 8 

atomic weight 8 

symbol 8 

Bertrand-Thiel process 
open hearth 288 

Beryllium 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

boiling point 8 

melting point 8 

symbol 8 

Bessemer converters (sec "Con- 
verters”) 

Bessemer ores 

phosphorus content 144 

Bessemer pig iron 

classification of 228 

production, annual 220 

Bessemer process 
acid (see 

"Acid-Bessemer process") 
basic (see "Thomas proeeai") 
Bessemer wire 


types of 712, ns 


Best bar 

definition 814 

Best cokes 

coating weight of . 886 

definition 630 

Beta picoline 

tar constituent 132 

B. G. (see also "British Standard 
Gage for Iron and Steel 
Sheets and Hoops”) 

tabulation 928 

BEN (see "BrineU hardness 
nxunber”) 

Big-end-down ingot molds 

types of 891, 892 

Big-end-up ingot molds 

types of 391, 392 

Big Seam 

iron ores, Birmingham Dis- 
trict 145 

Bihar hematite iron ore 

geologic age of 142 

BIjiki schist 

Marquette range 154 

Bilbao hematite iron ore 

geologic age of 142 

Bilge 

crucibles 263 


Billet mills 

continuous 459, 483-491 

cooling beds for 492 

cradles for 492 

cross-country type 482 

development of 479 

drives for continuous mills.... 459 

flying shears for 491 

hot beds for 492 

hot saws for 483 

hot-scarfing machines 491 

housings for 481 

manipulators for 480 

marking devices used in 491 

roll passes for 480, 481, 483 

roll passes for three-high. . .480, 481 

roUs for 438, 484 

scarfing machines 491 

shears 491 

three-high 480 

twist rolls for 484 

types of 480 

Billets 


controlled cooling of 501 

diamond 482 

direct rolling hrom blooms 479 

drUling 772 

flame cutting 491 

fuel consumption In heating 

for rolling 406-411 

heating for extru^on 772-774 

heating for roU- 


heaUng rate for 400 

hot-extrusion process require- 
ments 771 

hot-scarfing in production of. . . 491 

marking for identification 491 

piercing for hot extrusion....* 776 

production of 479-492 

reheating blooms for 479 

reheating furnaces for 406-411 

round 463 

sawing of 4B3, 491 

shape of 463 

shearing 491 

stainless-steel, rolling 860, 861 

studs welded on 774 

twisting 484 

wire rods rolled from 878-684 
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Bi-metallic atrip thanBometm 


principle of 84 

Bin car (see **Tran8fer car**) 

Binary oompoimde (see **Chem- 
iesJ compounds, binary*') 

Birkenshaw rails S84 

Birmingham District Iron ores 

bcne&iation 146, 148 

blending 146, 147 

brown ores 146 

CSiinton formation 145 

composition 145, 146 

crushing 147 

ftoes in 147 

geology of 145 

hematite 117 

limonites 146 

location 145 

mining methods 146 

occurrence 141, 145 

ox>en-pit mining 146 

sampling 147 

screening 147 

storage 146, 147 

Birmingham Gage 

bhrtorical 928 

Birminid^am Sheet and Hoop 
Iron Gage 

origin of 928 

Birmingham Wire Gage 

historical 928 

Bismuth 

atomic ntimber B 

atomic weight 8 

boiling point 8 

melting point 8 

oxidation from tin 631 

symbol 8 

Bite 

rolls 389 

Bituminous coal 

ammonia from 113 

analysis, proximate 63 

analysis, ultimate 63 

anthraxylon in 63 

aromatic hydrocarbons from. . . 113 

atMtus in 63 

banded ingredients 63 

blends for coking 90 

boghead coal 63 

brUdit coal 63 

by-products from (see **Coal 
chemicals,” also ”Coal-chemi- 
oal recovery”) 

eannel coal 63 

carbon dioxide from distilla- 
tion 113 

carbon monoxide from distilla- 
tion 113 

diaractezistics of 62 

chemical composition 63 

clarain in 63 

coal chemicals from 113 

coke breeze weight produced in 

coking one ton of.... 113 

coke from 90 

coke weii^t produced in coking 

one ton of 113 

f ok tng of 90 

edclng properties 63, 90 

combtti^ble constituenis 52 

components of 62 

conmooition 68 

consumption 6^ 84 

duteinin 63 

esqpanaion in eddng... 80 

ia^^eexbon range of 88 

gw |M 

•lUNQtiD He eeeeeeeeeeeeeeeeeeo**** 


gases end vapors evolved dur- 


ing coking of 113 

ground mass in 63 

beating value of 64 

hydroaromatic compounds from 

distillation 113 

hydrocarbons from coking 113 

l^drogen cyanide from.. 113 

hydrogen from 113 

hydrogen sulphide from distil- 
lation 113 

macerals in 63 

methane from 113 

nitrogen-containing compounds 

from distillation 113 

nitrogen from 113 

non-banded 63 

olefins from distillation 113 

opaque attritus in 63 

origin 62 

paraffins from distillation 113 

phenolic compounds from dis- 
tillation 113 

phyterals in 63 

plastic range in coking 90 

preparation (see **Coal prep* 
aration”) 

producer gas made from 77 

proximate analysis 63 

pyridine bases from US 

semi-splint coal 63 

splint coal 63 

tar from (see **Tar**) 

translucent attritus in 63 

tube distillation assay test..... 68 

ultimate analysis 63 

vitrain in 62 

volatile matt^ in 61, 80 

washing (see **Coal prepara- 
tion’*) 

Biwabik iron formation 

Mesabi range 156 

Black-band iron ores 141 

Black-band ironstones 

geologic age of 142 

Black body 

definition 36, 59 

Black-body coefficient 

definition 89 

Black-heart malleable castings 
manufacturing methods ....... 383 

Black phosphorus 

specific gravity SO 

Black plate 

acid Bessemer-steels for 585 

annealing of 833 

basic open-hearth steel for.... 585 

box annealing of.. 633 

capped steels for..... 585 

characteristics of 630 

chemically treated 630 

cleaning ii 633 

cold-reduction of 633 

continuous annealing cd. 633 

controlled atmoqdiere for beat 

treating 633 

CTS 630 

hand hot mills for rolling 894 

heat treatment of 633 

hot-rolled breakdowns 

for 638, 633 

process annealing of 633 

reactions in temper telling ^ 

residual elements in tMU 

for 865 

rimmed steels for.... 885 

rolling f88» 633 


semikUled steels for. 585 

•hearing 833 

side trimming coils of 633 

size limitatioiis 584 

steels for 585 

temper rolling 833 

testing hardness of 633 

Blackening 

electroplated surfaces 626 

steel surfaces 625 

Blanking 

tuyeres In cemverteni 272 

dassiflcatlon as product 463 

coupfing-lorging 780 

wheel 569, 570 

Blasofen 

characteristics of 208 

Blast 

bellows for producing 207 

blowing devices for 207 

cold (see ”Ck>ld blast”) 
hot (see ”Hot blast”) 
oxygen-enriched for conver- 
ters 279 

Blast air (sm also *Kk>ld blast”) 
cupolas 381 


pr^eating (see "Hot blast”) 
Blast cleaning (see "Abrasive 


cleaning”) 

Blast-furnace blowers 

blowing tubs 83 

^ves for 225 

types of 83, 225 

Blast-furnace coke (see "Coke”, 
also ”Beehive coke”) 
Blast-furnace ferrodlicon 

composition ranges 221 

Blast-furnace gas 
air required for combus- 
tion 87, 81 

bag filters for desning 236 

blast-fumace-stove consump- 
tion of 84 

boiler fuel 245 

carbon dioxide in 54, 57, 78, 81 

carbon-monoxide— carbon- 

dioxide ratio in 255 

carbon monoxide in... 54, 57, 78, 81 

characteristics 78, 79 

deaning methods 225, 235 

coal equivalent 84 

coke-oven fud .97, 102 

combustion characteristics .... 79 

combustion products 57, 81 

composition 54, 57, 81 

consumption of 74, 84, 235 

Cottrell dry method for 

deaning 236 

Cottrell wet method for 

deaning 236 

disintegrators for deaning 236 

dry deaning 235 

dust-particle size in 235 

dust removal 225, 235 

electrical predpitaton for 

deaning 236 

Feld washers for............... 235 

filters for desning 286 

fiame dinracteristics 79 

fiame propagation, rate of 79 

fiame temperature 79, 81 

fiue-dust removal 225 

flue products of cond^ustlon. ... 57 

gas-engine fud «... 441 

Balberger-Beth filters to...... 236 

besting value 54, 79, 81 

high-speed disintegrator to 
deeiiing 886 
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Blast-funiace gts (cont) 

hlKtorieal 74 

hydrogen content 54, 57, 79, 81 

methane content 79 

moicture In 285 

nitrogen 'content 54, 57, 79, 81 

preheating for high*tempera* 

tnre applications 80 

pressure of discharge 79 

primary cleaning of 2^ 

primary dry cleaners 235 

primary wet cleaners for 235 

production per ton of 


piquets of combustion 57, 81 

properties 81 

sate of flame propagation 79 

rotary disintegrator for 

cleaning 236 

secondary cleaning 

of 225, 235, 236 

secondary dry cleaners for 236 

secondary wet cleaners for 236 

Size of dust particles in 235 

specific gravity 79, 81 

stationary spray tower for 

primary deaning 235 

stove fuel 233 

temperature leaving top 79, 235 

Theissen disintegrator for 

cleaning 236 

theoretic^ flame tempera- 
ture *..79,81 

utiUzation 74, 79, 82 

wash-water disposal in 

cleaning 236 

washing 235 

water in 79, 235 

water- vapor content 79, 235 

wet cleaning 235 

Blast-furnace process 

air requirements 223 

alkali-metal oxide behavior 

in 143 

alkalies behavior in 143, 253 

alumina behavior in. . . .143, 253, 254 

amphoteric behavior of 

alumina in 253 

arrangement of plant for 225 

arsenic behavior in 144, 253 

banking the furnace 249 

barium behavior in 253 

basic open-heulh slags in 

charge 174, 223 

beneficiation of raw materials 

for 259 

beryllium bdiavior in 253 

blast for (see **0>ld blast**, 
also *‘Hot blast") 

blast-furnace gas from 223 

blast requirements 223 

blowing in 245 

blowing out 249 

boron behavior in 253 

burdening the furnace. 256 

cadmium behavior in 

calcination of carbonates in. . . . 253 
calcium carbonate behavior 

in 258 

calcium silicates behavior 

in 258 

carbon as reagent 250 

carbon bsluivior in 250 

carbon content of pig iron 

affected by temperature 251 

carbon In pig iron 251 

carbon-oxygen reactions 

In 254-255 

casting 11^ fumee 237, 247 


charging the furnace M 

chemistry of 2^, 2G-2S6 

chief impurities in charge 254 

chief metallic products of. 221 

choking by ore fines 143 

chromium behavior in 253 

chromium-compound bcbavlor 

ini 143 

cleaning gas from 225 

cobalt-compound behavior in. . 143 

coke as fuel for 113, 137, 221, 

2% 254-255 

coke combustion in 254-255 

coke consumption by 221, 223 

coke functions in 22$ 

coke requirements 223 

cold blast for (see 
blast") 

columbium-compound behavior 


in 

.... 143 

columns for 2^, 

225, 237 

combustion in 

.254-255 

control of pig-iron 


composition 225, 245, 249 

control variables 

.245, 248 

controls for 

.245, 249 

copper behavior in 

.144, 253 

direct reduction in 

.... 142 

distributor ‘ 

.231, 232 

dolomite as flux in 

.... 172 

dolomite sizing for 

.... 259 

dry blast for 

.... 258 

drying-out methods 

.... 246 

dust collection 

.... 23S 

dust control in..... 

.... 225 

dust in gas leaving top 

.... 235 

dust produced per ton of pig 

iron 

254 

efficiency of heat utiliza- 


tion 

82 

fanning the furnace 

.... 248 

ferrosilicon production .... 

172 

filling the furnace 

246 

flow diagram of.... 

223 

flue dust from 

..... 143 

flue-dust control 

.288, 225 

flue-dust output 

m 

flushing 

247 

flushing slag 

237 

flux consumption by 

223 

flux functions in 

225 

fluxes used in 

172 

flux requirements 

.223, 225 

fuel requirements for 

82 

fuels for 

.118, 187 

furnace input 

223 

furnace output 

223 

gas-cleaning methods 

.225, 235 

gas consumed by stoves. . . < 


gas produced by 

228 

hanging of furnace 


hearth reactions In 

..254-255 


hearth temperature effect on 

carbon in pig iron....: 251 

heat utilization efficiency...... 82 

heating the bottom 246 

heats of formation 

involved in 290, 251 

heavy burden 256 

hot Wast (see "Hot blast*0 

hot iron from 258 

indium behavior In. .144 

Iron-bearing materials for 

charge 223 

Iron disposal v®, 237, 247 

iron-notch dosiiig 23!7, 288 

iron-notch opening ,287 

iron-ore consumption by 228 


iron-ore impurities always 


reduced In 144 

bron-ore impurities not 

reduced in 148 

iron-ore impurities partially 

reduced in 148 

lron<ore physical require- 
ments 148, 223 

iron-ore requirements 143, 223 

Iron ores used in 223 

iron-oxide reduction hi 250 

iron removal from 


furnace 225, 237, 247 

iron-sUicide formed 
in 252, 254, 255 


irregularities in 248 

instrumentation 245 

kish formation 251 

light burden 256 

lighting the furnace 246 

lime behavior in... 143, 172, 254-255 

limestone as flux in X72 

limestone behavior in 254-255 

limestone consumption by 223 

limestone requirements 223 

limestone sizing for 173, 259 

magnesia behavior in 143 

magnesium carbonate bdiavior 
in 253 


magnesium silicate behavior 

in 253 

manganese behavior 

in 148, 250,251, 252 

manganese-compound behavior 
in 143 


manganous oxide reduced in.. 254 


materials charged into 

furnace 223 

metallic products of 221 

mill scale in charge 223 

moisture control of blast 258 

molten pig-inm dis- 
posal 225, 237, 247 

nickel behavior in 144, 253 

nitrogen behavior in 251 

open-hearth slag in charge.... 223 

operating irregularitias 248 

operating problems 143 

operation of (see "Blasl-fur- 
naoe process*^ 

ores u^ in 223 

outline of 223 

output 221, 223 

oxygen role In 250 

oxygen-carbon raaetiona 
in 254-255 


oxygen enrichment of blast.... 259 
phosphorus behavior 

in 144, 250,251, 252 

pig4r<m carbon content 251 

pig irons produced in 221 

plant for 223 

potash b^vior in 253 

potassium behavior in 253 

potaaslum oxide behavior In... 143 
power consumption per ton of 

pig iron produced 443 

precautions in starting 

operations 246 

pressure operatiott 259 

production rates «... 259 

products of 220, 221, 223 

purchased scrap for... 205 

rare-earth meted oxide 

behavior in 143 

raw-materials beneficiation ... 259 
raw materials compositions.... 256 
raw-materials han d ling 225 
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Blast-fumace process (cont) 
raw materials required per ton 

of pig iron 254 

raw-materials requirements . . . 223 

reactions in 250, 253-256 

refrigeration for drying 

blast 258 

runner care 247 

scaffolding in 248 

scale in charge 223 

scrap in charge 204, 205, 223 

sealing for banking 249 

segregation in diarge 232 

selenium behavior in 253 

selenium-compound behavior 

in 143 

silica behavior in 251 

silicon behavior 

in 250, 252, 254-255 

silicon-compound behavior in. • 143 

sinter in charge 223 

slag disposal 225, 240 

slag produced by (see ''Blast- 
furnace idag’’) 

slips 248 

soda behavior in 253 

sodium behavior in 253 

steam addition to cold blast 258 

stock distribution in 

furnace 248 

stoves (see "Blast-furnace 
stoves”) 

sulphur behavior in.... 252, 254, 256 
sulphur-compound behavior 

in 143 

sulphur control in 278 

sodium-oxide behavior in. .... . 143 

tellurium behavior in i. 253 

temperature range 

in 223, 225, 254 

tin behavior in 144, 253 

titanium behavior in 253 

titanium cyanonitride in 

salamander 253 

titanium-dioxide behavior in. . . 143 

top-pressure control 259 

tracing materials through. . .254-255 

utilities for 225 

vanadium behavior in 253 

vanadium-compound behavior 

in 143 

variables in control 249 

water decomposition in. ...... . 254 

water vapor behavior in 251 

weighing raw materials....... 248 

zinc behavior in 144, 253 

zirconium b^vlor in 253 

zirconium-compound reactions 

in 143 

Blast-fumace refractories 

alkali attack of 253 

bottom block 225, 226 

carbon block 184, 199, 226, 247 

Carbon-block runner linings... 247 

carbon brick 226 

days for dosing tapbole 184 

hearth construct 

tion ....199, 2M, 226 

hlcdi-duty firedey hiiek 199 

requirements of 229 

taphole clays 184 

zinc attack of 253 

fidiast-fumace dags 

add-to-base ratios 253 

alumina effects on ^ 

alumina in .288, 254, 257 

by«^produets from 174 

eald um oxlda In .188, 254i, 157 


cakium sulphide 

in 252, 254, 256 

chill tests 247 

dnder ladles for 225 

composition 254, 257 

control of pig-iron composition 

by 225 

disposal of 225, 240 

ferrous oxide in 254, 255, 257 

Hushing from furnace 237 

functions of 174 

granulating 242 

ladies for (see "Slag ladles”) 

Ume in 253 

magnesia in 253, 254, 257 

manganous oxide in ..254, 255 

pig-iron reactions with 254-255 

portland-cement raw mate- 
rial 179 

processing of 176 

production per ton of 

pig iron 223, 254, 257 

sUica in 252, 253, 254, 257 

soil conditioners from 175, 177 

sulphur in 252, 254, 256, 257 

titania in 253 

uses for 174, 175, 242 

Blast-fumace stoves 

air passage through 233 

basket- weave checkers 233, 234 

blow-off valve 234 

burner valve 234 

burners for 234 

center-combustion type 233 

changing 247 

checker brick 199 

checker brick peeling 189 

checker-building shapes 234 

checker designs 233, 234, 235 

chimney valves 234 

cleanliness of gas fud for 233 

cold-blast valve 234 

combustion chamber of 233 

combustion-chamber refrac- 
tories 199 

construction 232 

control valves 234 

drying out 245 

efficiency 82, 235 

fireclay refractories for 233 

four-pass design 233 

fud efficiency 82, 235 

fuel requirements 235 

function of 232 

gas consumption 235 

gas fuel 233 

general view 230 

heat absorbed by blast 82 

heat balances 82 

heat in stack gases 82 

heating for stsuting operations. 247 

historical 229 

hot-blast temperature control.. 234 

hot-blast valve 234 

insulation of 88, 233, 234 

linings for 2^ 

operation of ..,,...««,233, 234 

peeling of chedeer brick 189 

purpose 225 

radiation losses 82 

refractories for.88, 199, 233, 234, 235 

regenerative funcUon • 232 

semi-silica brick for 199 

side combustion type 233 

stacks for 233 

super duty flrecliqr brick for. . . 233 

temperature control 234 

thermal effidency 235 

three-pam design 238 


two-pass design 233 

valves for operating 234 

Blast furnaces 

add-Bessemer dags in vtz 

air compressors for blast. . . 225, 245 
air preheating for (see "Blast- 
fiumace stoves”) 

andent 221 

auxiliaries for .....225, 232 

banking 249 

base plates 225 

bell and hopper for 229 

bell beams 231 

bell ro^ for 223, 229, 2^, 231 

bells for 223, 229, 230 

blast, cold (see "Cold blast”) 
blast, hot (see "Hot blast”) 

blast compressors for 225, 245 

blast control 247 

blast enrichment with oxygen. 259 

bleeder valves 230, 232 

bleeders 232 

blowers for 83, 245 

blowpipe for 226, 227 

bosh angle 227 

bosh band 227 

bosh-cooling plates 226 

bosh linings 199 

bosh of 223, 225, 226, 227 

bosh plates 227 

bodx slips 248 

bott for 226 

bottom heating 246 

breakouts 249 

breast plate 227 

bridle for 22B, 227 

bucket hoist for 229, 232, 245 

burden sheet 256, 257 

burdening 256 

bustle pipe 223. 226, 227, 237 

carbon-block runner linings... 247 

carbon blocks in lining 184 

carbon brick in 226, 249 

cast house for 237 

channeling in 143, 232 

charcoal as fuel 113 

charge, definition 245 

charge make-up 223 

charge segregation in 232 

charging 248 

charging facilities 229 

checker brick for stoves 199 

cinder bott 237, 239 

cinder ladles 225 

cinder notch 223, 226, 227 

cinder-notch stopper 226 

classification of products 223 

clay gun for 237, 238 

cleaners for gas 225 

coke handling fadlities 243, 244 

coke sizing for 259 

coke weighing facilities 244 

cold-blast compressors 225 

combustion zone 254 

construction of 225 

control instruments for 245 

cooler losses 249 

copling 225, 226, 227, 228 

cooling-plate losses 249 

cooling plates 226, 227 

cooling-water treatment ....... 245 

copper losses in.... 249 

eup-and*<eone top design 229 

design considerations 228 

development of 209 

dimension relatlimdiips 228 

disftribuiion of stock In. 248 

double bell and hopper 229 

downcomer ............280, 831,232 



INDEX 


Blast furnaces (cont) 

downtake 232 

drying out 245 

dustcatcher for 225, 235 

early American 221 

efficiency as gas producers 79 

explosion doors 231, 232 

eyesight 227 

filling 246 

fireclay refractories for 225, 226 

foundation 225 

fusion zone 254 

gas-cleaning auxiliaries 225, 235 

gas mains 235 

gas utilization by 82 

gates for ruxmers 237 

gooseneck for 226, 227 

hearth construc- 
tion 199, 223, 225, 226 

hearth-cooling plates 227 

hearth-cooling staves 226, 227 

hearth- jacket plate 227 

historical development 209, 220 

hoisting appliances 

for 229, 232, 245 

hopper 229, 231 

hot-metal ladles 237 

hot spots ...» 248 

input 223 

instrumentation 245 

intermediate cooler 226 

intermediate-wall type 228 

inwall batter 229 

Inwalls 227 

iron ladles for 225, 237 

iron notch 226 

iron-notch closing 237, 238 

iron-notch opening 237 

irregularities in operation 248 

ladles for iron 237 

large bell for 223 

large bell rod 231 

lighting 246 

lines of 228 

linings for 229 

lip ring 226 

lower bcU 230 

main runner 237 

mantle 223, 225 

materials-handling facilities... 225 

mechanical charging 229 

mixer valve in hot-blast line... 234 

monkey 226 

monkey cooler 226 

neck 226, 227 

offtake openings 226 

offtakes 230, 232 

ore bridges 243 

ore yards for 243 

parts of a blast-furnace plant. . 225 

peephole ..226, 227 

pig-casting machine 238, 240 

plant lor operating 225 

primary gas cleaners for 225 

primitive 208, 209 

prindpal parts of ....223, 225 

production, annual 220 

products 220, 221, 223 

raw-materials handling 

ladlities 225, 229, 243 

receiving hopper 231 


refractories affected by zinc.... 144 
refractories for (see ^'Blast- 
fumace refractories^) 
refractories lor stoves.. 233, 234, 235 


round, definition 24$ 

runner gates 237 

runners 237 

— 226 


scale car * 843 

secondary gas cleaners fir 225 

semithin-wall type 228 

shaft of 825 

shell design 226 

shingle shell cons^ction 226 

skimmer 837 

skip 230, 232, 244 

skip bridge 230, 231 

skip bucket 230 

skip car 281 

skip hoist 229, 232 

skip pit 244 

skips 230, 232, 244 

slag produced by (see ‘blast- 
furnace slag**) 

small bell for 223 

small bell rod 231 

splash jacket 228 

splasher 247 

stack 223, 225 

staves 226 

steam requirements 245 

steam-turbine driven blowers 

for 83 

stock distribution in 248 

stock indicator 232 

stock -line indicator 232 

stockhouse for 243 

stockline 243 

storage facilities for raw 

materials 225 

stoves for (see “Blast-furnace 
stoves**) 

taphole-closing clays 184 

tapping hole 223 

thick-waU type 227 

thin-wall type 228 

top appliances 232 

top arrangement ..223, 229, ffl, 232 

top cone 228 

top construction 229 

top openings 232 

trestle for stockhouse 243 

try hole 232 

turboblowers for .83, 245 

tuyere cap 226, 227 

tuyere coolers 227 

tuyere jacket 227 

tuyere loss 249 

tuyere stock 226, 227 

tuyeres for 223, 226, 227, 228 

upper bell 230 

uptakes 232 

utilities for 225 

water cooling for.. 225, 226, 227, 228 
water cooling of bosh linings... 199 

water treatment * 245 

water troughs 229 

weighing facilities 

for raw materials 243, 244, 248 

wicket 227 

wood charcoal as fuel 113 

working volume 228 

Blast unit 

definition 83 

Blasting 


Blau furnace 

characteristics of 208 

Blauofen 

characteristics of 208 

Bleeder valves 

blast-furnace 230, t3Z 

Bleeders 

blast-furnace ........*.........'282 


Bleeding 

Ingots * 886 

sulphur contributes to. 380 


m 


Blended fuel oils Tl 

Blending 

iron ores 170 

Blind pillar 

iron-ore mining 167 

Blind risers 

foundry mold 372 

Blister steel (see “Cementation 
process**) 

Bllstos 

cement steel 262 

long-teme defect 657 

Block caving 

iron-ore mining 167 

Block marks 

wheel defect 577 

Block strippers 

wire-mill 697 

Blocking 

open hearth heats 202, 328, 397 

Blocking the heat 

addition agents for 202, 328, 397 

purpose of 202, 328, 397 

Bloclu 

dassification as product 463 

wheel 569, 570 

wire-drawing (see “Wire- 
drawing blocks**) 

Bloom crop 

definition 463 

Bloom-tumlng machines 

purpose of SOI 

Bloomed-down ingots 

definition 471 

Bloomery 


American (see “American 
bloomery") 

high (see “Stuckofen") 

puddling process 210 

Blooming-and-slabbing mills 
(see “High-lift blooming 


millB**) 

Blooming mills 

after-ihear tables 472 

approach table 472 

back roller tables 472 

crop conveyor 472 

crop pusher 472 

down-cut shears 472 


drives for 452-455, 473-476 

front roller tables 472 


functions of 


464 


general features 483 

high-Uft type 485 

hot-scarfing machines for 472 

Ingot buggy for 472 

ingot-receiving tables 472 

ingot turner for 472 

manipulator drives 461 

manipulators * • 472 

marldng devices 472 

mechanical pliers 472 

mill-approa^ table 472 

mill tables 472 


operating units of .472-478 

operators for 472 

pUers 472 

pot car for Ingots. 472 

power consumption 443 

pulpit location 472 

reversing-type, two-hlflh ..465, 472 

roll passes for .473-478 

roller tables 472 


rolls for 434, 435, 438, 473 


scarfing machines for 472 

screwdown drives for 461 

seamless-tube mills T40 


riieer-approach tables 472 

riiear drives 481 
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Burned dolomite (cont) 

phosphorus in 173 

silica in 173 

sulphur in ITS 

Burned lime 

composition 172,173 

flux in basic open 

hearth 172, 173 

ignition loss 173 

Idlns for making,. ...US, 173 

lime content 173 

magnesium carbonate in., 173 

manufacture of 135, 173 

open-hearth flux 17^ 173 

phosphorus in 173 

reducing-slag component 353 

silica in 173 

siring 173 

sulphur in 173 

tar-acid recovery reagent 135 

Btimed limestone (see **Bumed 
Hme”) 

Burned magnesite 

chemical composition 182 

open-hearth use of 288 

Bumed-magnesite brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation tmder load 188 

density 188 

hot-load resistance 188 

modulus of rupture 188 

Spalling resistance 188 

specific gravity 188 

true specific gravity 188 

Burned steel 

bar defects from 557 

cause of 484 

Burner arch 

open hearth 298 

Burner blocks 

refractory concrete for 134 

refractory types for 184, 201 

Burner valve 

blast-furnace stoves 234 


Biimers 

blast-furnace stove 234 

coke-oven 102 

emulsion-4ype, liquid fuels.... 74 

gaseo\i8 fuels 80 

high-low 102 

indde-mixing 74 

liquid-fuel 74 

noszle-mix type 74 

open-hearth 304, 310 

outside-ntixing 74 

ladiant-^eT, 410, 411, 412 

reheatiog-fumace locations 

for 407-411 

soaking*-plt ....402-404, 405 

subm^ig^ gas 654 

water cooling of..,., 74 

Burning 

Ingots during heating 398 

Portland cement 179 

refractories 184 

vitreous enamels 827 


Wfinrtiriflr I n 

open-haarth bottoms 293 

Bvntit lime (see ‘^Burned Ilme’O 
Burrs ^ 

remeva) from rails.,., 528 

Bursting 

basic bride 158 

Bursts 

Intemd, iagote 515 


Bus fiue 

coke ovens 86 

Busheling 

wrought iron 213 

Bustle pipe 

blast furnace 223, 226, 227, 237 

Butadiene 

light-oil constituent 123, 128 

Butane 

air required for combustion. ... 81 

combustion products 81 

composition 81 

flame temperature 81 

heating value 81 

products of combustion 81 

propane in commercial 81 

properties 81 

specific gravity 81 

theoretical flame tempera- 
ture 81 

Butene 

light-oil constituent 123 

Butt cracks 

ingot phenomenon 386 

Butt weld 

definition 725 

Butt-weld processes 

beU for 724, 728 

continuous process 732-734 

fumace-weld process 726-732 

historical 724 

pipe manufacture 724, 726-734 

Butt-welded pipe 

cooling 734 

deep seam 727 

falling seam In 727 

finishing operations on 734 

forming rolls for 734 

heating skelp 

for 727, 728, 732-734 

hot-finishing operations 729 

hot sawing 734 

in^>ection of 734 

manufacture of 724, 726-734 

reducing rolls for 734 

seam ddects 727 

sizing 729, 734 

sizing rolls for 729 

skelp for 724, 726, 732 

skelp heating 

for 727, 728, 732-734 

straid^tening rolls lor 730 

sunken seam 727 

welding machine for 728 

welding rolls for 734 

Butt welders 

pickling-line 599 

wire-mill use of 695 

Butt-welding furnaces 

operation of 727-728 

Butterfly rolling method 

structural-mill 535 

Button test 

galvanized wire 710 

Butylenes 

coke-oven gas oonstittuents 113 

light-oil constituents 129 

B. W. G. (see also **Britidi Impe- 
rial Standard Wire Gage**) 

tabulation 928, 930-931 

By-product coke (see **Coke**) 
By-product fuels 

bl^-fumace gas 78 

coal equivalents 84 

coke-oven gas 78 

consumption 82 

definition 51 


By-product process 
coke production (see **Goke 
ovens”) 

By-products 

coke production (see **Coal 
chemicals”, also ”Coal*chem- 
Ical recovery”, also “Beehive 
coke”, also ‘*(I!oke”, also 
**Coke-oven gas”) 


C-hooks 

wire-rod handling by 685, 686 

C-raUs 528 

Cable suspension bridges 

wire for 7^ 

Cables 

suspension-bridge 723 

Cadmium 

atomic number 8 

atomic weight 8 

boiling point 8 

electroplating bath for 624 

iron-ore constituent 144 

melting point 8 

spelter constituent 666 

symbol 8 

Calcination 

calcium carbonate 253 

magnesium carbonate 253 

Iron ores 141 

limestone 135, 323 

limestone in open hearth 323 

Calcined dolomite 

open-hearth refractory 200 

Calcined ganister 


steel foundry use in molding. . . 367 
Calcined limestone (see **Bumed 
lime”) 


Calcining 

Portland cement 

Calcium 

atomic number 

atomic weight 

boiling point 

content of Earth’s crust 

extraction 

flux component 

melting point 

occurrence of 

oxide, source of 

prop«*tie8 of 

specific gravity 

symbol 

Calcium-aluminate cement 

refractory concrete from 

Calcium carbide 
basic electric-furnace slag 

component 

reducing-slag component ..353, 
Calcium carbonate 

blast-furnace behavior of 

blast-furnace charge compo- 
nent 

burning 

calcination In blast furnace.... 

calcining 

dolomite constituent 

fluorspar constituent 

flux component 

limestone constituent 

sources of 

Calcium ferrites 
dead-burning products 
Ckdeium fluoride 
fluorspar constituent , 

Calcium hydroxide 
ammoida-reeovery process 
using 


179 

8 

8 

8 

6 

30 

172 

8 

30 

30 

30 

30 

8 

184 


355 

355 

253 

254 
173 
253 
173 
173 
173 

172 

173 
30 

185 

ITS 


118 



Calcium-^magneBltiin carbonate 

flwx component 172 

Calcium molybdate 

addition agent 203 

Calcium oxide (see ”Lime*\ also 
**Burned lime*') 

Calcium phosphate 

composition 226 

C!alcium silicates 

blast furnace behavior of 253 

Caldum-*silicon 

ladle addition 297 

Calcium sulphide 
blast-furnace slag 


component 144, 252, 254, 256 


Calcium tungstate 

addition agent 203 

C!:alibration 

tension^test machines 883 

California 

iron ores 149 

C:alifornium 

atomic number 8 

atomic weight 8 

symbol 8 

Caloric 33 

Calorie 

definition 34 

large 53 

small 53 

Calorific value (see “Heating 
value”) 

Calorimeters 

principles of 53 

Camber 

bar defect 557 

removal from plates 521-522 

Cambering 

rails 527 

Campaign 

open-hearth 299 

Campbell process 

open-hearth 288 

Campbell tilting furnace 

principle 359, 361 

Canada 

iron-ore reserves 140 

Canadian Shield 

Lake Superior District 152 

Canned products 

corrosion of tin plate by.... 650-653 

iron pick-up by 653 

tin pick-up by 653 

Cannel coal 

characteristics of 63 

Canning 

procedures for 651 

Cans 

tin (see “Tin cans”) 

Cantilever beam test 

impact testing 904-908 

Cap 

ingot-mold 391 

C!ap rock 71 

Cap valves 

coke oven 105 

Capped steels 
acid-Bessemer process for 

making 279 

aluminum capping of 586 

black plate made from 585 

core-zone in ingots 395 

deoxidation practice 396 

electric-arc furnace for pro- 
duction of 339 

flat-rolled products made 

from 585 

galvanlged-s^t base 66$ 


INDEX 

ingot structure ........393. 394. 296 

mold additions 296 

rim zone in ingots 39$ 

sheet steels made from 585 

steelmaking practices 396 

strip-steel made from 585 

tin plate made from 585. €32 

top killing of . 586 

Capsules 

load-measuring 883 

Car- bottom furnaces 

axle-works 582 

heat-treating 

applications 400, 415, 565, 567 

tube annealing in 762 

Car dumpers 

types of 242 

C^r-type loopers 

galvanizing-line 672 

Car wheels (see “Wheels”) 

Carbazole 

tar constituent 132 

Carbide balls 

Brinell test use of 897 

Carbide precipitation 

corrosion caused by 617 

secondary hardening in tem- 
pering related to 833-834 

Carbide slag 
basic electric-arc funiace 

process 353, 355 

Carbides 

grain-growth inhibited 

by 794,796 

instability in steels at ele- 
vated temperatures 875 

normalizing for control of par- 
ticle size 813 

particle size controlled by 

normalizing 813 

stainless-steel con- 
stituents 863, 865, 866 

tempering influenced by.... 832-834 
Carbolate (see “Sodium 
phenolate**) 

Carbolic acid (see “Phenol”) 

Carbolic oils 

constituents of 133 

washing with caxistic soda 134 

Carbon 

absorption by sponge iron 2-3 

acid-Bessemcr process behavior 


acid electric-arc furnace oxi- 
dation of 356 

acid open-hearth oxidation 

of 332 

acid open-hearth sources of... 330 

addition to steel 203 

aging related to 822 

atomic number 8 

atomic weight 8 

austenite former 794 

basic elcctric-arc furnace proc- 
ess oxidation of 352 

blast-furnace behavior of 254 

blast-furnace charge compo- 
nent 254 

blast-furnace use of ........... . 113 

boiling point 8 

coal constituent 113 

coke constituent 90, 256 

combustion in blast furnace... 250 

compound with iron 29 

consumption in blast furnace. • 78 

content of Earth’s crust. 6 

deoxidation of steel 

by 268, 280, 388 


deposition in coke-oven beat- 
ing systems 108 

direct reduction of iron oxides 

by ...250 

electrodes of 132, 348 

eutectoid carbon content influ- 
enced by alloying elements. . . 794 
ferrodiromium constituent .... 203 
ferrocolumbium constituent ... 203 
ferromanganese constituent ... 202 

ferrosiUcon constituent 203 

ferrotitanium constituent 203 

ferrotungsten constituent .*..« 203 

fixed carbon in coals 64 

fuel constituent 52 

heat of combustion 53 

high-strength steel properties 

related to content of 845 

iron oxide in acid-Bessemer 

Steel related to 275 

iron-oxide reduction by. . . .US, 250 
martensite hardness related to 

content of 801 

mechanical properties re- 
lated to content of 816, 819 

melting point 8 

occurrence of 29 

open-hearth analytical 

methods for 324, 331 

open-hearth bath content at 

melt down 312 

open-hearth oxi- 
dation of 287, 310, 311, 322 

oxidation in air furnace 381 

oxidation In open 

hearth 287. 310, 811, 822 

oxygen content of liquid steel 

related to 327 

oxygen in molten steel 
reacts with during cool- 
ing 393, 394 

oxygen reactions with 250 

phosphonis reduces pig iron 

content of 380 

pig-iron constitu- 
ent 221. 251, 377 

pig-iron melting point aflected 

by 377 

properties of 29 

reducing agent for iron. . ....... 113 

refractories from 181, 182 

refractory shapes of 182 

segregation in ingots 395 

side-blown process removal 

of 284 

sUicomanganese constituent ... 202 
sources for addition to steel. .. . 203 
sources for refractory manufac- 

ttxre 183 

q>iegelei8en constituent 203 

steel castings* content of, 

typical 368 

steel properties related to 

content of 816, 819 

symbol 8 

Thomas process removal of.... 282 
transformation rates related 

to 801 

wire temper affected by 877 

wrought-iron constituent 218 

Carbon block 

apparent porosity 188 

blast-furnace runner linbigs 

of 247 

bulk density 188 

dbemical composillon 182 

cold strength 188 

deformation under load 188 

demdty 108 
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Carbon block (coni) 

bot-load resistance 1B8 

physical properties 188 

process for making 184 

raw materials for 184 

spalling resistance 188 

specific gravity 188 

thermal properties 188 

true q;>e^c gravity 188 

Carbon blow 

acid-Bessemer process 274 

Carbon brick 

blast-furnace appllcatioits 199 

blast-furnace hwth sidewalls 

of 249 

process for makhig 184 

raw materials for 184 

Carbon deoxidation 

acid-Bessemer ste^ 280 

Carbon deposition 


cokeK)ven heatihg systems .... 102 
Carbon dioxide 
blast-furnace gas 

constituent 54, 57, 78, 81 

blast-furnace reactions 

involving 254-255 

carburetted water-gas constit- 
uent 81 

coke-oven gas con- 
stituent 57, 79, 81, 113 

combustion product 53, 57, 81 

decarburization of heated steel 

by 411 

disMciation of 58 

flue product of combustion... 53, 57 

heat of combustion 53 

heat of formation 250 

heat of reaction.... 277 

limestone constituent 256 

molecular weight 53 

natural-gas constituent 57, 75 

oil-gas constituent 81 

open-hearth reactiozis involv- 
ing 311 

phenol springing with 134 

producer-gas constituent ...... 81 

product of combustion. ...... .53, 57 

product of primary breakdown 

of coal 113 

pyridine-base-recovery process 

reagent 121 

scaling of steel in 

atmosphere of 596, 597, 878 

scaling related to CSOat CO 

ratio 414 

specific gravity 53 

tar-acld recove^ reagent 135 

water-gas constituent 81 

Carbon disulphide 
light-oil constitu- 
ent 123, 127, 129 

Carbon electrodes 

^ectric-arc furnace 343 

pitch as binder for 132 

Carbon monoxide 
air required for combustion. ... 53 

blast-furnace gas con- 
stituent 54, 57, 78, 81 

blast-furnace reactions 

. involving 254-255 

blowholes in ingots caused by 

evolution of * .^3, 394 

carburetted water-gas constitu- 
ent 81 

carburizing agent 814 

coke-oven constitu- 
ent 57, 79, 81, 113 

combustion-air requirement ... 53 


combustion-oxygeit require- 


ment 53 

combustion products with air.. 53 
evolution in molten steel 
during cooling ...........393, 394 

fuel constituent 52 

heat of combustion 53 

heat of formation 250 

heat of reaction 277 

molecular weight 53 

nattiral-gas constituent 75 

oil-gas constituent 81 

open-hearth reactions involv- 
ing 311 

oxygen required for combus- 
tion 53 

producer-gas constituent 81 

product of primary breakdown 

of coal US 

products of combustion with 

air 53 

reducing agent in powder 

metallurgy 206 

scaling related to COa: CO 

ratio 414 

specific gravity 53 

suppression of evolution in 

solidifying steel 393, 394 

Carbon refractories 

blast-furnace applications 199 

chemical compositions 182 

hot-load resistance 190 

raw materials for 182 

Carbon-steel plates (see ^Tlates**) 
Carbon steels 

acid-Bessemer 817, 818 

aging of 822 

AISI composition ranges 

for 817, 818 

AISI numbers for 817, 818 

annealing 822 

applications for 816 

austempering 822 

basic open-hearth 817, 818 

carbon content related to 

mechanical properties 816 

carbon content related to 

microstructure 816 

castings compositions 368 

classification of 816 

cold working affects 

properties of 821, 822 

comp^tions of 816-818 

constitution of 816 

crucible process for 263 

deep-drawing steels 825 

density of 929 

ductility decreased by cold 

working 821, 822 

devated-temperature 

properties of 872, 920-922 

gases in 816 

grain size related to 

properties ...816, 819 

heat treatment of 822 

hot-working effects on 820 

hydrogen embrittlement of.... 825 

hypereutectoid steels 816 

hypoeutectoid steels 816 

mechanical properties related 

to carbon content 816 

mechanical properties re- 
lated to grain icze. .816, 819 

microstructure influenced by 

composition 820 

microstructure related to 
mechanical properties 816 

normalizing 822 

overagIng of 822 


quench aging of 822 

quenching 822 

rephosphorized 818 

residual elements affect 

properties of 825 

resulphurized 818 

SA£ numbers for 817, 818 

scaling rate 877 

tempering 822 

tensile strength increased 

by cold working.. 821, 822 

uses for 816 

Carbon tetrachloride 

cleaning agent 621 

Carbonating towers 

tar-acid recovery 134 

Carbonia finish 625 

Carbonization 


coal (sec “Coke**, also “Coke 
ovens", also **Beehive coke*', 
also “Beehive coke ovens**) 


Carbonyl sulphide 

light-oil constituent 123 

Carborundum 

chemical formula 29 

Carburetted water gas 
air required for combustion... 81 

benzene content 81 

carbon dioxide content 81 

carbon monoxide content 81 

combustion products 61 

composition 75, 81 

ethylene content 81 

flame temperature 81 

heating value 81 

hydrogen content 81 

methane content 81 

nitrogen content 81 

oxygen content 81 

products of combustion 81 

properties 81 

specific gravity 81 

theoretical flame tempera- 
ture 81 

Carburization (see also 
“Carburizing") 
stainless steels at elevated 

temperatures 866 

Carburizing (see also 
“Carburization") 

charcoal for 262 

compounds for 814 

energizers for 814 

furnaces for 416, 417 

gas carburizing 814 

heat treatment following 815 

liquid carburizing 814 

pack carburizing 814 

temperatures for 814 

wrought iron 261 

Carburizing furnaces 

pit-type 416 

Carburizing steels 

AISI alloy steels 836 

Camegieite 

sodium oxide-alumina-siUca 

system component 194 

Carriers 

spindle 424 

Cascade pickling 

principle of 599 

Case 

carburized 814 

carburized wrought iron 261 

Case hardening (see also 

“Carburizing**, also “Cyanid- 
Ing,** also “Nitriding") 

ancient knowledge of 261 

wroui^t iron 261 
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oil-well (see ‘‘Oil-well casing") 

slip-joint 785 

spray-Quenched deep-well .... 748 

Casinghead gas 75 

Casinghead gasoline 75 

Cassiterite 

mining 631 

occurrence of 631 

Cast house 

blast-furnace plant 237 

Cast iron (see also "Iron cast- 
ings”) 


antiquity of 


early use of 

220 

emissivity factors 

59 

graphite in 


ledeburite in 


primitive 


rails of 

....523, 524 

Cast-Iron pipe 

foundry methods for.... 

384 

metal for 


Cast-iron rails 

....S23, 524 

Cast-iron shot 

blast-cleaning agent — 


Cast-steel rolls 

rod mills 


Cast steels (see also “Steel cast- 

ings”) 

microstructure of 

820 


Castable refractories (see also 
“Refractory concrete”) 
heating-furnace applications .. 201 

types of 

Casting 

blast furnaces 237, 247 

crucible-process ingots 264 

ingots 264, 391 

rolling-mill rolls 434-440 

Castings 

abrasive cleaning of 373, 376 

centrifugal 273 

chipping 373 

cleaning 

dry sand 371 

finishing operations on. .... .373, 376 

gate removal from 373, 376 

green sand 371 

heat- and corrosion-resist- 
ant steel 

heat treatment of 8* J 

hollow 871 

inspection of 373, 376, 377 

iron (see ‘‘Cast iron”, also 
“Iron castings”) ^ 

precision 870, 377 

principle of making. 3w 

radiographic inspection ....926, 9« 

riser removal 376 

leaking out 873 

ataUc 873 

steel (see “Steel castings”) 

test coupons 876 

test lugs 8*8 

Catalan hearth (aae "Catalan pro- 
cess") 

Catalan process 

wrought-iron production 

Catalysts 

definition 80 

Catalytic conversion processes 

petroleum '8 

Catcher „ 

tinhifig-machine 

Catcher tables „ 

^ 

Catching the heat coming do^ 

331, 887 


Cathode sputtering 
metallic coatings applied by . . • . 625 
Catiiodes 

electrolytic-cell 615 

electrolytic-tinning reactions 

at 637 

Cathodic-anodic treatment 

tin plate 650 

Cathodic coatings 

characteristics of 618 

Cathodic protection 

corrosion prevention by 619 

Cathodic treatment 

tin plate 650 

Cat’s-eyes 

crucible process 264 

Caustic cracking (see “Caustic 
embrittlement”) 

Caustic embrittlement 

boiler plates 880 

Caustic soda (see also “Sodium 
hydroxide”) 

cleaning agent 621 

Causticizers 

phenol-recovery process ....... 136 

tar-acid recovery process 136 

Caving methods 

iron-ore mining 165 

Cavitation 

corrosion related to 617 

Cavities 

radiographic detection 926, 927 

Cellar 

open hearth • . • 298 

Cells 

concentration 616 

electrolytic 615 

unit 12.14 

Cement clinker 

Portland cement making 179 

Cement rock 

Portland cement raw material. . 179 
Cement steel (see “Cementation 
process”) 

Cementation 

metal (see “Metal cementa- 
tion”) 

Cementation process 

aired bars 262 

antiquity of 861 

bar steel 262 

beads on bars 262 

blisters on bars 

double shear steel 262 

furnaces used in 2© 

materials for ^8 

principles of 861 

sap in bars ^8 

single shear steel ^ 

spring plate 862 

temper of product...........*.. ^8 

wrought Iron for 262 

Cementite ^ 

characteristics of 788, TO9 

composition 878 

decomposition of 

pig-iron constituent 878 

proeutectoid 7W 

gpheroidired .--TO 

structure of 

CemenU 

air-setting 

calcium-aluminate jw 

coating steel with.. 627 

fireclay (see “Fireclay 
cements”) . 

heat-setting ^ 

portiand (see “Portland 
cement”) 


refractory X66 

silica (see “Silica cement”) 

slags as raw material 172, ITS 

Center-combustion stoves 

blast-furnace 233 

Center-cut chasers 

threading-die 779 

Center sills (see also “Structural 
sections”) 

rolUng of 532-538 

Centering 

axles 580 

Centerless grinding 

bars 552 

Centigrade temperature scale. ... 33 
Centipoise 

definition 73 

Central America 

iron-ore reserves 140 

Centrifugal castings 
heat- and corrosion-resistant 

steel 375 

iron pipe 384 

steel 373 

Centrifugal dryers 

ammonium sulphate 119, 120 

Centrifugal exhausters 

coke oven 115 

Cerium 

atomic number 8 

atomic weight 8 

melting point 8 

nodular-iron castings made by 

addition of 381 

symbol 8 

Cerro Bolivar hematite iron ore 

geologic age of 142 

Cesium 

atomic number 8 

atomic weight 6 

boiling point 8 

melting point 6 

symbol 8 

Cetane number 

fuel oils *^8 

Chaffery 

puddling process 210 

Chain-grate stokers 69 

Chairs 

rail 523 

Chalk 

chemical nature of 80 

Chamfering 

pipe 

Chamoisite 

Iron mineral 141 

Chamotte 

steel foundry use in molding.. 367 
enhance method 

coal preparation 68 

Changes of state 16 

Channels (see also “Structural 
sections”) 

rolUng of 532-538 

blast-furnace 148, 232 

Chaplets 

steel foundry use of 

Charcoal 

blast-furnace fuel 

cementation process use of.... 282 

direct-process fuel ......... .207-210 

fuel for direct reduction 

of Iron ore 207-210 

reducing agent in powder 

metallurgy 806 

Owrcoal finery 

South Wales process 



956 


THE MAKING, SHAPING AND TREATING OF STEEL 


Charcoal-hearth processea 

wrought iron manufacture 209 

Charcot pig iron 223 

Charcoal tin plate 

origin of name 630 

tinning-machine modiflcationa 

for 636 

Charge 

blast furnace 245 

Charged bodies 

definition 38 


aemi-star Inserts 

for stove .233, 234, 23S 

shapes for building stove 234 

Simplex type for stove......... 234 

•tar inserts for 

stove 233, 234, 235 

stove 233, 234, 235 

Checkerwork (see '^Checkers**) 
Checking 

definition 846 

Cheek section 


Charges 

electrostatic (see **£lectro* 
static charges**) 
enlarging 

basic direct-arc furnace 352 

batch-type reheating fur- 
naces 407 

beehive coke ovens 92 

blast furnaces 248 

coke ovens 93, 100, 106, 109 

crucibles 263 

cupolas 381 

dry-bottom duplex xxrocess.... 362 

electric-arc furnaces 341, 342 

electric induction furnaces 356 

open-hearth 308 

single-heat duplex process 362 

Charging boxes 

open hearth 290, 293 

Charging doors 

open-hearth 297, 298 

Charging floor 

open-hearth 290 

Charging-floor crane 

open-hearth 290, 292 

Charging holes 

coke ovens 94, 100 

Charging larries 

coke oven 106 

Charging machines 

butt-welding furnaces 728 

open-hearth 291, 292, 293 

Charging on the main 

coke ovens 100 

Charging side 

open-hearth 290 

Charles* law 54 

Charpy impact testing (see also 
"Impact testing**) 

specimens for 904*905 

Chasers 

clearance for 779 

lead angle 779 

number per threading die 780 

pipe-threading 778-780 

throat of 779 

Check analyses 

Steel 317 

Qiecker brick 

blast-furnace stoves 199 

peeling of 189 

Checker chambers 


open-hearth (see **Ilcgenera- 
tors*’) 

Checkers 

basket-weave for stoves 234 

blast furnace 

stoves .233, 234, 235 

design for stoves. ..... .233, 234, 235 

fiat inserts for 

stove 233, 234, 235 

Freyn t3npe for stoves 234 

toserts for stov^ 233 

Kennedy type for stoves. ...... 234 

McKee type for stoves 234 

Idphr type for stoves 234 

open-hearth (see **Regenem« 
towT) 


foundry molds 370 

Cheikh-Ab-Chang hematite iron 
ore 

geologic age of.. 142 

Chemical analysis 
open-hearth control 

tests 324, 331 

scrap 205 

Chemical calculations 

principles of 27 

Chemic^ changes 

definition 11 

Chemical compounds 

acid anhydrides 21 

acids 21, 26 

anhydrides 21 

bases ....21, 26 

basic anhydrides 21 

binary 26 

calculation of percentage 

composition 27 

definition 6 

dibasic acids 26 

dissociation 22, 26 

electrolytes 21 

hydroxides 26 

hydroxyl radical In 26 

ionization of 26 

kinds of 21 

nomenclature 26 

nonelectrolytes 21 

polybasic acids 26 

radicals in 22 

salts 21, 26 

terminology 26 

ternary 26 

tribasic acids 26 

Chemical decomposition 

means for 6 

Chemical elements 

acids formed from 6 

amphoteric 6 

associated molecules of 6 

atomic nature of 6 

atomic numbers of 7, 8 

atomic structure of 7-11 

atomic weights of 7, 8 

bases formed from 6 

boiling points of 8 

calculation of percentage in 

compounds 27 

classification of 6 

combining weights of 7 

common elements in steelmak- 
ing 28 

compotmd atoms of 6 

definition 6 

distribution in Earth’s 

crust 6 

giant molecules of 7 

inacromoleeules of 7 

meldng points of 8 

metalloids «... 6 

metals 6 

molecular weight of. 7 

molecules of 6 

monatomic 6 

non-metals 6 


periodic table 9, 10 

periodicity 9 

symbols for 6, 8 

valence in compounds 21, 22 

Chemical equations 

balancing 20 

construefion of 20 

interpretation 20 

significance 20 

writing 20 

Chemical equilibrium (see 
•’Equilibrium**) 

Chemical formulas 
calculation from composition ... 27 

interpretation 19 

molecules of gases 20 

significance of 19, 27 

Chemical indicators 

definition 21 

C2ienucal metallurgy • 

definition 4 

Chemical mixtures 

definition 6 

Chemical nomenclature 26 

Chemical physics 

definition 4 

C!hemical reactions 

catalysts for 20 

combination 20 

completeness of 23 

decomposition 20 

direct combination 20 

direct decomposition 20 

double replacement 20 

endothermic 20 

equilibrium in (see "Equilib- 
rium**) 

exothermic 20 

fundamental laws of 23 

gases 28 

heat liberation in 23 

heat of 20 

heat of formation 20, 23 

kinds of 20 

laws governing 23 

mol fraction determination 28 

neutralization 26 

oxidation 20 

rate-controlling factors 20, 23 

reduction 20 

replacement 20 

reversible 20 

simple replacement 20 

standard heat of 20 

substitution 20 

thermal effects 23 

weight-volume relationships .. 28 
Chemical solutions (see 
••Solutions**) 

Chemical substances 

definition 6 

Chemical treatment 

tin-plate 650 

Chemically bonded basic brick 

compositions 182 

drsring 184 

metal-encased 184 

processes for making 184 


Chemically bonded chrome- 


magnesite brick 

apparent porosity 188 

bulk density 188 

cold strength 188 

deformation under load 188 

density 188 

hot load resistance 188 

modulus of rupture. 188 

spalling resistance 188, 191 
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Chemically bonded chromeo 
magnesite brick (eont.) 


Qpeciic gravity 188 

true specific gravity. 188 

Chemically bonded magnesite 
brick 

chemical composition 182 

Chemically bonded magnesite- 
chrome brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

^deformation under load 188 

* density 188 

hot load resistance 188 

modulus of rupture 188 

spalling resistance 188 

specific gravity 188 

true specific gravity 188 

Chemic^y-bonded ramming 
refractories 

types of 185 

Chemically treated steel 

characteristics of 630 

Chemistry 

branches of 19 

definition 4 

electro- 19 

inorganic 19 

organic 19 

physical 4, 19 

principles of 19-31 

thermo- 19 

Chile 

iron-ore reserves 140 

iron ores 142 

Chile saltpeter 

composition 30 

Chili (see also “Chills”) 

iron castings, definition 378 

manganese influences properties 

of 379 

molybdenum influence on depth 

of 381 

open-hearth 297 

puddling furnaces 211 

silicon influences depth of 378 

sulphur influence on depth of.. 380 
Chill ring 

pipe welding with 785 

Chill roUs 

plate-mill 508 

rolling-mill 438, 508 

Chilled iron castings 

chill characteristics 383 

composition of metal for 383 

melting methods for 383 

silicon influences depth of 

chiU 878 

uses for 383 

Chilled-iron rolls 

hand hot mills 595, 596 

rod mills 683 

Chills 

iron-base-roll casting 438 

steel-base-roll casting 435 

steel foundry uses of 370 

Chimney valves 

blast-furnace stoves 294 

China 

iron-ore reserves 140 


Chip space 
timading-die 
Capping 

hitt 

eastiiigs 

methods for » 


779 

557 

373 


Chlorine 

atomic number 8 

atomic weight 8 

boiling point 8 

content of Earth's crust. 6 

melting point 8 

symbol g 

Chloropal 

iron mineral 141 

iron-ore constituent 139 

Chock bearings 

rolling-mill 426 

Chromate treatment 

galvanized pipe 786 

Chrome brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation under load 188 

density 188 

hot-load resistance 188, 190 

linear expansion 187 

modulus of rupture 188 

open-hearth use of 298, 299 

shear failure of 190 

spalling resistance 188, 191 

specific gravity 188 

thermal conductivity 190 

true specific gravity 188 

Chrome-magnesite brick 

apparent porosity 188 

basic electric-arc-fumace 

applications 200 

bulk density 188 

characteristics of 195, 199 

chemical composition 182 

cold strength 188 

deformation imder load 188 

density 188 

hot-load resistance 188, 190 

linear expansion 187 

modulus of rupture 188 

open-hearth use of 298, 304 

peeling of 199 

spalling resistance 188, 191 

specific gravity 188 

true specific gravity 188 

Chrome-nickel pig iron. 223 

Chrome ore (see also "Chromite”) 

block forms as refractories 183 

chemical composition .......... 182 

granular refractories from 184 

open-hearth use of.... 184, 200, 301, 
304, 320 

refractories from 181 

sources of 181 

uses for 184 

Chrome spinel 

melting point 187 

minersdogical formula 187 

Chromic acid 

tin plate treated with. 650 

Chromite (see also “Chrome 
ore”) 

chemical nature of 30 

open-hearth use of 299 

refractoriness of 80 

Chromite refractories 

chemical compositions 182 

raw materials for 181 


Chromium 

addiUon to steel 202, 203 

atmospheric-corrosion reris- 

tance conferred by 866 

atomic number 8 

atomic weight 8 

blast-furnace behavior of...... 253 

boiling point 8 


chromizing process lor sted 

surfaces 083 

corrosion by sulphur com- 
pounds retarded by 878 

creep strength affected 

by 872, 873 

deoxidizing power of 328 

electroplating baths for 624 

ferrite former 794 

ferrite strengthener 834 

ferrochromium constituent .... 203 
iron-casting properties influ- 
enced by 380 

iron-ore constituent 143 

melting point 8 

multiplying factors for 830 

occiurence of 30 

open-hearth oxidation of 322 

ores of 30 

oxidation in steelmaking 

furnaces 202 

properties of 30 

reduction from oxides in elec- 
tric-furnace slag 353 

residual element in carbon 

slag 825 

scaling reduced by 876 

specific gravity 30 

stainless-steel constituent 855 

steel castings* content of, 

typical 368 

steelmaking applications of.... 30 

symbol 8 

tempering rate influenced 

by 831. 832 

Chromium oxides 
basic electric-furnace dag 

component 355 

occurrence with magnetite 139 

refractories constituent 182 

Chromizing 

principles of 623 

Qvomodizing 

principle of 626 

Chrysene 

tar constituent 132 

Chuck 

rolling-mill 426 

Cinder 

definition 174 

Cinder alley 

soaklng-pit 405 

Cinder bott 

blast-furnace 237, 239 

Cinder holes 

soaking pit 405 

Cinder ladles 

blast-furnace 225 

Cinder notch 

blast-furnace 223, 228, 227 

Cinder-notch stopper 

blast-furnace 226 

Cinder patch 494 

Cinder pots (see “Slag ladles**) 
Circuit breakers 
electric-arc furnace primary 

circuit • * 

Circular mil 

definition 832 

Circular soaking pits 

principle of 403 

Circular tandem type fine-wire 
machines 

principle of * 693 

Cladding 

metals (see **Metal dadding*’) 
Clamps 

eledrode «... 844 

fbundxy molds 870 
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Clarain 

characteristicB of €S 

Clarence rails 524 

Claron formation 

characteristics of 150 

Clays 

characteristics of 180 

crucibles made from 262 

granular refractories from 184 

iron-notch closing with. 238 

portland-cement raw material. 179 
steel-foimdry use in molding.. 367 

uses for 184 

Cleaners 

blast-furnace gas 225 

Cleaning 

alkaline 621 

black plate 633 

blast-furnace gas 225, 235 

castings 376 

coal (see "Coal preparation") 
electrolytic (see "Electrolytic 
cleaning") 

heat- and corrosion-resistant 

steel castings 376 

Importance for coating opera- 
tions 621 

rods 684 

steel castings 373 

strip for galvanizing 669 

wire rods 684. 685, 687. 688 

Clearance 778-780 

Clearing 

puddling process 

Cleavage-mode fracture 

impact- test specimens 

Clinker 

cement 

Clinkered dolomite (see "Dead- 
burned dolomite") 

Clinks 

crucible steel 

Clinton hematite 


Clipper 

skelp-mill 

(Hock springs 

characteristics of 

Close-packed cubic crystal struc- 
ture 

characteristics of 

Close-packed hexagonal crystal 
structure 

characteristics of 

Closed-bottom ingot molds 

big-end-up 391, 

Qosed-top housings 

rolling-mill 

Closed work 

coal mining 

Closeness of grain 

iron castings 

Qosing 

wire rope 

Cloudburst tester 

hardness testing by« 

Cluster-type rolling mills 

principle of 

Coal 


analysis, proximate 63 

analysis, ultimate ....... 63 

anthracitic (see "Anthracite 
coal", also "Meta-anthracite 
coal", also "Semi-anthractte 
coal**) 


beehive coke from (see "Bee- 
hive coke”) 

bituminous (see "Bituminotis 
coal”) 

boghead, characteristics 63 

bright coal 63 

brown (see "Brown coal”) 
by-product coke from (see 
"Coke”) 

by-products from (see “Coal 
chemicals”, also "C!oal- 
chemical recovery”) 

cannel coal 63 

carbon in 113 

carbonization (see "Beehive 
coke”, also "Beehive coke 
ovens", also "Coke”, also 
"Coke ovens”) 

cement-industry consumption 

of 179 

charging into coke ovens 100 

chemical composition ....62, 63, 113 

chemical compounds in 113 

chemical nature of 113 

chemical structure of 113 

classification of 63, 64 

cleaning (see "Coal prepara- 
tion”) 

cleaning qualities 67 

coke from (see "Beehive 
coke”, also “Coke”) 
coking types (see "Bituminous 
coal”) 


212 

composition 62, 63, 113 


consumption of 51, 68, 84 

907 

decomposition by heat 

113 


decomposition products 

113 

179 

destructive distillation of 

113 


distillation of 

distribution in Western 

113 


Pennsylvania 

66 

264 

fields in U. S 

60 


fixed -carbon content 

64 

142 

float-and-sink test for 

67 

139 

gases evolved from in destruc- 



tive distillation 

113 

727 

gasification (see “Producer 
gas") 


722 

geology 

60 


grade, definition 

63 


heating-value limits 

64 

14 

hydrocarbons in 

113 


hydrogen In 

113 


impurities in 

65 

14 

Inorganic compounds in 

113 

larry cars for 

106 

392 

lignitic (see "Lignite” and 
"Brown coal”) 


427 

65 

measuring at coke ovens 

106 

mineral matter in 

mining of (see "Coal mining”) 

64 

nitrogen in 

113 

378 

non-banded, types 

63 

organic compounds in 

U3 

720 

origin of ...62; 

ovens for coking (see "Beehive 
coke ovens”, also "Coke 
ovens”) 

113 

902 


420 

petrographic constituents 

63 

plastic range in coking 

90 

203 

portland-cement industry con- 


381 

sumption of 

170 


powdered (see "Pulverised 
coal”) 

preparation (see *^oal prepara- 
tion”) 

primary breakdown of... «•«... 113 
proocimateanalyile .. 63 


pulverized (see **Pulverized 
coal”) 

rank, definition 63 

reducing agent in powder 

metallurgy 206 

reserves, U. S 60 

seam thickness 63 

semi-splint coal 63 

splint coal 63 

stokers for firing 69 

subbituminous (see "Sub- 
bituminous coal”) 

sulphur in 79 

tar from (see "Tar”) 
temperature of decomposition. . 113 
tube distillation assay test 

of 63 

types defined 63 

ultimate analysis 63 

unloading from larry car 106 

volatile matter in 64, ^ 

washing (see "Coal prepara- 
tion”) 

C!oal bins 

coke oven 106 


Coal carbonization (see "Beehive 
coke”, also "Beehive coke 
ovens”, also "Coke”, also 
"Coke ovens”) 

Coal-chemical recovery 
ammonia 106, 113, 116, 117, 118 


ammonium sulphate 117-120 

benzene 122 

dimethyl pyridines 121 

flow sheet of plant for 114 

light oil 122 

light-oil refining 126 

lutidines 121 

methyl pyridines 121 

naphtha 122 

phenol 120 

picolines 121 

primary operations in 115 

processes for 113-138 

pyridine 118, 121 

pyridine bases 121 

pyridine sulphate 133 

secondary operations in 115 

solvent naphtha 122 

tar 116 

tar acids 134 

tar refining 132 

toluene 122 

xylene 122 

Coal chemicals 

boiling points 123, 132 

chemical formulas 123, 132 

light-oil constituents 123 

neutral compounds from light 
oU 132 


neutral compounds from tar. * . 132 
nitrogen compounds from tar. . 132 
phenolic compounds from tar, . 132 
recovery of (see "Coal-chfon- 
ical recovery”) 


tar constituents ........ 

of 

132 

113 

uses of 

127, 137 

Coal cleaning (see "Coal prej^*** 

aration”) 


(k»al equivalent 


definition 

84 

Coal fields 


location, U. S. 

61 

Coal gas (see **Coke-oven gat**) 

Coal mining 


closed work 

65 

continuous 

65 

contour mUn^ng ..... 




Coal mining (cent.) 

equipment for 05 

longwall method 65 

methods 63, 65 

open work 65 

room-and-pillar method 65 

stripping 65 

underground 65 

Coal preparation 

air-dow cleaner for 08 

amenability of coals to 67 

barite-and*water flotation 

for 68 

Barvoys process for 68 

Chance method for 68 

classiflers for 67 

•cleaners used in 68 

coke-making preliminary 259 

dense-media classiflers for 68 

dry processes for 67 

flne-solids and air flotation 

for 67 

flne-solids and water flotation 

for 67 

float-and-sink methods for 67 

froth flotation for 67, 68 

gravity separation 67 

high-density solutions for 68 

high-density suspension 

process for 68 

jigs for 67, 68 

magnetite-and-water flotation. . 67 
methods for 67 


objectives of 

pneumatic processes for 

rising-current classifiers 

for 

sand-and-water flotation for... 
settling cones for water 

clarifleation 

Stump air-flow cleaner for 

tables for 67, 

thickeners for water 


65 
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copper-tin for 

wire-drawing ...084, 685, 698, 699 

decorative 621,623,625 

galvanized (see “Galvanized 
pipe“, also “Galvanized 
sheets^, also “Galvai\ized 
strip'*, also “Galvanized 
wire**) 

grease 627 

inert 618 

ingot-mold (see “Mold coat- 
, ings“) 

inhibitive 618 

inorganic (see “Inorganic coat- 
ings**) 

lime 684, fi88 

metallic (see “Metallic coat- 
ings**) 

non-metallic (see “Non-metallic 
coatings*’) 

organic (see “Organic 
coatings’*} 

oxide 625 

protective (see “Protective 
coatings’*) 

sacrificial 621 

slushing oils 627 

sifll 684 

temporary 627 

teme metal 055 

tin for tin plate (see “Tin 
plate”) 
tin for wire- 
drawing 684, 685. 698, 699 

vitreous-enamel 627 

wax 027 

weight of (see “Coating 
weights”) 
wire draw- 
ing 684, 685, 688, 698, 699 

zinc (see “Galvanized pipe”, 
also “Galvanized sheets”, ^so 
“Galvanized strip**, also “Gal- 


clarifleation 

. 68 

vanized wire”) 


Tromp process for 

. 68 

CJobalt 


upward -current cleaners for.. 

. 68 

addition to steel 

. 203 

water clarification in 

. 67 

atomic number 

. 8 

wet processes for 

. 67 

atomic weight 

. 8 

Coal seams 


austenite former 

. 794 

characteristics of 

. 63 

boiling point 

. 8 

Western Pennsylvania 

. 66 

iron-ore constituent 

. 143 

C^l-storage bins 


melting point 

8 

coke oven 

. 106 

open-hearth behavior of 

. 322 

Coal tar (see “Tar”) 


symbol 

. 8 

Coarse-grain steels 


Co-current firing 


grain coarsening in 

. 796 

continuous-type reheating 


Coarse wires 


furnaces 

. 407 

dry drawing of 

. 697 

Coefficient of linear expansion 


Coarsening temperatures 


high-strength steel 

. 845 

definition 

. 796 

Coefficient of reflectivity. 



Coating adherence 
galvanized 

sheets 661,662, 663,666, 669 

Coating classes 

galvanized sheets 661 

Coating weights 

electrolytic tin plate 630 

galvanii^ sheets .660, 661, 672 

hot-dipped tin plate 635, 636 

long temes 932 

tests for galvanized sheet and 

strip 672 

tin plate 647, 648 

Coatings 

anodic 618 

oa^odie 618 

core plate 849 

copper* for wire* 
diewiiig 684, 685, 898* 699 


35 


heat 

Coefficient of thermal conductiv- 
ity 

Cogging 

crucible-steel ingots ........... 264 

Coil-annealing furnaces 

bell-type 416 

Coil conveyors 

hot-strip mill 593 

Coil set 

definition 848 

Coil tilter 

hot-strip mill 593 

Coiled bars 

processing of 5$2i 854 

CoUed-wire springs (see '^ire 
springs”) 

Coilers 

hot-strip mUl ...587* 889* 581 



Coiling 

hot-strip-mlll products 589 

Coiling temperatures 

hot-strip-miU products 594 

Coke 

addition agent 203 

alumina in 256, 257 

ash in 90 

beehive (see “Beehive coke**) 
bituminous coal consumed in 

making 68 

blast-furnace physical require- 
ments for 90 

blast-furnace combustion 

of 254-255 

blast-furnace consumption 

per ton of pig iron .254-257 

blast-furnace fuel 113 

blending coal for 90 

breeze (see “Coke breeze”) 
by-product (sec “Coke”) 

carbon content 90, 256 

charactertistics of 90 

chemical composition of 90 

chemical nature of. 113 

chemical reactions in making. . 113 

cleavage line in 99, 100 

coal blends for 90 

coal chemicals from production 

of 113 

coal consumed in making 68 

coals for (see “Bituminous 
coal”) 

color of 91 

combustion of 68, 254-255 

composition 256, 257 

consumption in blast fur- 
nace 78, 223 

consumption per ton of pig iron 

produced 223 

conveyors for 112, 244 

crushing 112 

cupola fuel 274, 381 

definition 90 

degradation in handling 112 

dry quenching 110 

duration of coking period 94 

feeders for 244 

fixed-carbon content 90, 256 

flow sheet of manufacture 114 

function in blast furnace 225 

gases evolved in making 113 

guide for 110 

handling facilities 112 

high-temperature 90 

iron in 256 

kinds of 90 

Hme in 256, 257 

lime-kiln fuel 134, 135 

liquid fuels from manufac- 
ture of 70 

low-temperature 90 

magnesia in 256-257 

manganese in 2S6 

medium-temperature 90 

metallurgical (see “Be<diive 
coke”, also “Coke”) 
moisture content after quench- 
ing Ill 

moisture in Ill, 256 


ovens for producing (see “Bee- 
hive coke ovens”, also “Coke 
ovens”) 

petroleiim-refining residue .... 72 

phosphorus in 90, 256, 857 

plants engaged in manufacture 

of * 88 

power consumption per ton 
produced 441 


.587. 
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Coke (eont) 

preparation of coal for 959 

producer gas made from 77 


production methods (see **Be6- 
hive coke ovens'^ also **Coke 
ovens”) 

properties required for blast- 


furnace use 90 

pushing difficulties 100 

quenchixig 93» 110 

quenching-water disposal Ill 

reactions during maldng 113 

reducing agent in powder met- 
allurgy 206 

reducing-slag component 353 

screening 112, 244, 2^ 

iddpping 112 

silica in 256-257 

sintering fuel 149 

size control 90 

sizing 259 

skin temperature 94 

storage 112 

sulphur In 90, 256, 257, 278 

sulphuric anhydride in 256 

temperatures for making 90, 91 

time for coking 94 

transportation 112 

U, S. coal consumption in 

manufacture of 68 

uses for 137 

volatile matter in 90 

water for quenching Ill 

water in 256 

watering 93, 110 

weighing at blast 

furnace 244, 248 

weight produced per ton of 

coal coked 113 

wet quenching 110 

Coke breeze 

coal equivalent 84 

consumption 84 

definition 93, 112 

producer gas made from 77 

soaking-pit bottom-making 

materM 405 

utilization 68, 112 

Coke guide 

coke ovens 110 

Coke-oven gas 

acetylene in 113 

air required for combus- 
tion * • « * . .57, 81 

ammonia absorption from. .117-120 

ammonia in 113, 117-120 

ammonia liquor condensed 

from 113 

ammonia recovery from 117-120 

benzene content 81 

butylene in 113 

car^n-dioxide in ....57, 79, 81, 113 
carbon-^monoxide 

In 57, 79, 81.118 

coal equivalent 84 

coke-oven use as fuel 100 


combustion diaracterlatics .... 80 


combustion products 57, 81 

composition * «57, 79, 81 

constituents of 113 

consumpfion 75, 84 

cooling for coal^ehemical 

recovery 116, 124 

dbroet primary coder 116 

•conoidcs of use 79 

dectrical pfeclpitati<m of tar 

from 116 

othoni ill 57, 118 

oMmla ....89, 91, 113 


explosive range 79 

find cooler for 124 

fixed gases In 113 

flame-propagation rate 79 

flame temperature 79, 81 

flue products of combustion. ... 57 

fuel applications 100, 137 

fuel for coke ovens 100 

heat content of combustion 

products 86 

heating value 79, 81 

hydrogen in 57, 79, 81, 113 

hydrogen sulphide 

in 57. 79, 113 

illuminants in 57, 79, 113 

indirect primary cooler 116 

light-oil extraction 122 

methane in 57, 79, 81, 113 

naphthalene removal from 124 

nitrogen in 57, 79, 81, 113 

oxygen in 57, 79, 81, 113 


primary cooler for 116 

products of combustion 57, 81 

properties 81 

propylene In 113 

pyridine recovery from.... 117, 118 

rate of flame propagation 79 

raw-gas coolers 116 

soaking-pit fuel 402 

specific gravity 79, 81 

sulphur content 57, 80 

sulphuric acid for ammonia 

removal from 117-120 

tar extractor 116 

tar removal from 115, 116, 124 

tlieoretical flame tempera- 
ture 79, 81 

uses for 80, 137 

utilization 74, 79, 82 

volume produced per ton of 

coal coked 113 

water removal from 116 

water-vapor content 79 

Coke-oven lij^t oil (see “Light 
oU”) 

Coke ovens 

accessory equipment 106 

air boxes 96, 103 

air fans 103 

ammonia liquor produced per 

ton of cod coked 113 

ammonium sulphate produced 

per ton of cod coked 113 

ascension pipes 93, 98, 105 

battery defined 93 

battery life 112 

beehive (see “Beehive coke 
ovens”) 

bench of 108 

blast-fumaea gas as fuel 

for 97, 102 

breeze produced 112 

bugdes tor cleaning door and 

Jambs 108 

bximers for 102 

bus flues 98 

cap vdve 105 

carbon depodtion in flues 102 

charging 93, 100, 106, 109 

charging holes 94, 100 

charging larry 106 

charging on the main 100 

chemied reactions in 113 

deanhig of fud gas lor 103 

cod bint 106 

cod-measuring methods ...... 106 

ood-storage bins 106 

eoke breeze produced p« 


ton of eoef co ked. tXt, 113 


eoke conveyors 112 

coke crushing 112 

coke guide UO 

coke-oven gas (see “Coke-oven 
gas”) 

coke produced per ton of cod.. 113 

coke removd from 93 

coke screening 112 

coke-shipping facilities 112 

coke-side bench 110 

ooke-side equipment 110 

coke-storage facilities 112 

coke transportation 112 

coke wharf Ill, 112 

coking chambers 93, 99 

collecting mains • .98, 10$, 115 

combustion control 

in 160, 102, 103, 104 

construction 99 

control of fuel supply.. 100 

control of gas flow from 115 

controllers for Ill 

conveyors for coke 112 

cooling 104 

cooling q>ray for damper 

vdves 105 

cross-over flues 97 

cross-over mains 115 

crushing coke 112 

damper valve 105, 106 

design factors 94, 112 

designs of 94, 112 

disposd of quenching water. ... Ill 
dividing walls for heating 

chambers 95 

door cleaners 108 

door construction 93 

door extractors 107, 110 

door luting 03, 108 

doors 99, 104, 108 

double-divided 98 

draft gages 112 

drying 104 

duration of coking period 94 

elbow cover 105 

enrichment of lean-gas fuels. . . 102 

exhausters for 115 

fans for combustion air 103 

firing methods 93, 94, 100 

firing reversal 93 

five-hundred cubic foot 94 

fixed gases in effluent of 113 

flame control in 100 

flow-meters for fuels 112 

flues in heating chambers 93 

flushing liquor for cooling 

damper valves 105 

flushing-liquor function 115 

foul-gas flow from 115 

foul-gas temperature 115 

free-gas space 108 

fuel-gas dilution with waste 

gas 100 

fuel-gas mains 96, 97, 98, 103 

fuel supply systems 100 

fuels for 100, 102, 103 

future of 112 


gas-coUecting 

systems .93, 105, 112, 115 

gas flow in heating systems. ... 100 

gas mains .96, 97, ^,;i<13, 112 

gas utilization by 82 

gas volume produci^ per ton of 

coal coked 113 

gases evolved from {see ^Coke* 
oven gas,” also “IVml gas”) 
gravity'-dlscharge larry ........ 106 

gun-flue type beating systetus . 100 
gunfluea 97 
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Cok« ovens (ccmt) 

heat flow in 99 

heating , . * 93 

heating*chamber flues 93 

heating chambers 93 , 95 

heating systems 100 

heating up 103, 104 

high«low burners for 102 

hoppers for larry cars 106 

horizontal flues 95 

instrumentation Ill 

jamb cleaners 108 

Koppers-Becker design. . .94, 97, 99, 
• 100 , 102 , 103 

Koppers design 94->96, 99, 100 

lar^ car for 106 

lean-gas fuel 102 

leveler 107, 108 

leveling 100, 107, 108, 109 

life of batteries 112 

lihdtations 112 

luting buggy 108, 110 

Jiuting doors 93, 108 

luting mud for doors 108 

master controls Ill 

metering fuels 112 

mud buggies 108, 110 

offtake pipes 93, 105 

operation 99 

precautions in heating 103 

pressure control 

in 106, 112, 115 

pressure-gage applications .... 112 

principles of operation 90, 94 

pusher for 93, 107, 108 

pusher ram, rider shoe 107 

pusher-side bench 108 

pusher-side equipment 107 

pushing 109 

pyrometer applications 112 

quenching car Ill 

quenching station 110 

ram of pusher 107 

reactions in 113 

recuperators for 93 

refractories used in 99 

regenerative chambers 

of 93. 100. 102 

regenerative single-divided ... 94 

reversal of firing 93, 95 

rider shoe of pusher ram 107 

screening coke 112 

self-sealing doors 104, 108 

Semet^Solvay design of 94, 99 

separating walls 93 

shipping facilities for coke 112 

silica brick in 94 , 99, 103 

single-divided 94 

sole flues 97 

standpipe 105 

starting up 103, 104 

stidcers in 100 

storage facilities for coke 112 

suction mains 1Q9> 115 


taper of coking chambers 

tar in gases from 113* 

tar produced per ton of coal 
coked 


tmnperaturo controls . . .94, 106, 

temperature of foul gas 

thermometer applications 

time for ookixig 

top openings 93, 94, 

transportation of coke 

types of 

tindeiiet typo heating 

systems 98, 

voutile«»mattar ooUeetion 
iraiii 931 H 


99 
131 

113 

112 

115 

112 

94 

105 

112 

94 

100 
115 


waste-gas flues 97, 99 

waste-gas recirculation in 100 

wharf for lU, 112 

Wilputte design 

94, 98, 99, 100 

wind tunnel for 103 

Coke pig iron 223 

Coke-side bench 

coke ovens HO 

Coke-side equipment 

coke ovens 110 

Coke tin plate 

origin of name 630 

Coke wharf 

coke oven Ill, 112 

Cokes 

definition 630 

Coking 

coal (see **Beehlve coke ovens,** 
also **0>ke ovens**) 

Coking chambers 

coke ovens 93, 94, 99 

Coking coals (see **BiU 2 minoui 
coal**) 

Cold blast 

blowers for 83, 245 

compressors for 83, 225 

snort valve for controlling..... 234 

steam addition to 258 

Cold-blast valve 

blast-furnace stoves 234 

Cold drawing 

annealing tubes after 762 

effects of 756 

lubricants for 759 

operations in 759 

pointing tubes for 758 

preliminaries to 758, 759 

principle of 890 

seamless tubes 756-759 

wire (see “Wire drawing**) 
Cold-drawn tubes 

annealing 768 

bright annealed 765, 766 

cylinder finish ...765, 766 

EUwood B. F. 765, 766 

finish-annealed ...765, 766 

finishing operations 

on 763. 765, 768 

hard-drawn 765, 766 

heat treatment ....762, 763, 765, 766 

mechanical tubing 764 

normalized 765, 766 

pickled finish 765, 766 

polished finish ..765, 766 

pressure tubing 764 

sand-blasted finish 765, 766 

shaped sections of 764, 765 

shot-blasted finitii 765, 766 

soft-annealed 765, 766 

specially smooth 765, 766 

straighteidng 763 

surface characteristics ..••••«.• 766 

surface finishes for..* 765 

tolerances for 765 

Cold-expanded seamless pipe 

manufacture of 751 

Cold extrusion 

principle of 390 

Cold finishing 
seamless tubes (see **Cold 
drawing’*) 

Cold galvanizing (see **Electro* 
galvanizing,” also *'Wlre eleo- 
trogalvani^ng”) 

Cold-heading wire 

characteristics and uses 

Cold-melt process 


Cold-reduced flat-roUed products 

black plate ,.602-614, 633 

cleaning 608 

heat treatment 608-614 

rolling 602-607 

sheets 602-614 

strip 602-614 

Cold -reduced sheets 

manufacture of ..602-614 

Cold-reduced strip 

manufacture of 602-614 

Cold reduction (see also "Cold 
rolling’*) 

black plate produced by. ....... 633 

breakdowns for 584, sil6, 587 

hot-rolled breakdowns 

for 584, 586, 587 

aheets produced by 602-614 

steel heated by frictional 

effects of 584 

atrip produced by 602-614 

temperature of steel raised 

by 584 

Cold-reduction mills 

drives for tandem mills. 459 

power consumption of 443 

rolls for 437. 439 

twin-motor drives 459 

Cold-rolled bars 

size limitations 584 

Cold-rolled sheets 

manufacture of 602-614 

Cold-rolled strip 

carbon-steel 716 

edges for 716 

finishes for 715, 716 

production methods 

for 602-614, 716 

stainless-stedl 715 

tempers 716 

Cold roUing (see also "Cold 
reduction”) 

flat wire 676 

frictional heating effects of . . . . 584 

principle of 390 

stainless 

steels 715, 716, 862, 863 

strip steel 715, 716 

Cold sawing 

bars 551, 552 

structural shapes ......... .533, 539 

Cold saws 

bar-mill 551-552 

Btnictural-miU 533, 539 

Cold strength 

brick 188 

carbon block 188 

fireclay brick 188 

high-alumina biick 188 

refractories 188, 189 

tilica brick 188 

Cold templets 

roll passes for rails 526 

Cold-worked joint bars 531 

Cold working (see also *'Cold 
reduction,” also "Cold 
rolling,” also "Wire drawing”) 

definition 386 

ductility decreased by^ 821, 822 

effects of .390, 822 



w 

methods for 



principles of 



stainless steels 

.899, 860 

713 

temperature limits of.,.*, 
strength Increased 
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Cold workixig etc (cont) 
wire drawing (see **Wire draw- 
ing'') 

Collapse resistance 

pipe-testing for 781 

Collecting mains 

coke-oven 98, 105, 115 

Color coding 

rails 529 

Colorado 

iron ores 149 

Coloring processes 
steel surfaces treated by . . . .625, 626 
Columbium (see also "Niobium") 

addition to steel 203 

ferrite former 794 

ferrocolumbium constituent. ... 203 
ferrotantalum-columbium 

constituent 203 

iron-ore constituent 143 

open>hearth oxidation of 322 

stainless-steel 

constituent 855, 863, 865, 866 

itainless-steel sta- 

biUzation with 863, 865, 866 

Columnar structure 

ingot phenomenon 391, 395 

Columns 

blast-furnace 223, 225, 237 

Combination 

direct (see "Direct combina- 


tion, chemical") 

Combination mills 

principle of 421 

wire-rod rolling 678, 682 

Combination process 

long-terne manufacture 656 

Combination scrap and blown 
metal duplex process 

sequence of operations 363 

Combination-type rolling mills 
(see "Combination xnills") 
Combining weights 

definition 7, 23 

Combs 

pickllng-rack 554 

Combustible constituents 

fuels 52 

Combustion 

air deficiency 56 

air for (see "Combustion air”) 

beehive coke 68 

blast-furnace gas 79 

blast-furnace reactions 254-255 

calculations related to 55 

carbon in blast furnace 250 

coal, pulverized 69 

coke 68 

coke in blast-fumace....68, 254-255 

coke-oven gas 79 

control of 86 

dissociation in 58 

excess air defined 56 

flame propagation rate 56 

flame temperature 58 

fuel oils 73 

heat of (see **Heat of combus- 
tion”) 

ignition temperature 56, 58 

liquid fuels 73 

mechanism of * . * . . 52 

open-hearth fuels 310 

oxygen enrichment of air... .58, 86 
partial to form controlled 

atmospheres 414 

plfch-tar mix 73 

principles of S2 


products of (see "Combustion 
productil”) 


pulverized coal 69 

rate of flame propagation 56 

solid fuels 68 

stoker-fed solid fuels 69 

tar 73 

theoretical flame tempera- 

t\ire 58 

velocity of 56 

water vapor in air for 55, 56 

Combustion air 
blast-furnace gas require- 
ment 81 

blast-furnace require- 
ment 223, 254 

blowing devices for 207 

butane requirement 81 

calculations involving .55, 56 

carburetted water-gas 

requirement 81 

coke-oven gas requirement.... 81 
coke ovens (see "Coke ovens, 
combustion control”) 

enrichment with oxygen 58 

gaseous fuels requirements.... S3 
heating (see "Recuperators,” 
also "Regenerators”) 

natural-gas requirement 81 

oil-gas requirement 81 

open-hearth requirements ..... 297 

open-hearth supply of 305 

oxygen enrichment of 58 

preheated 58, 87, 88. 232 

preheating (see "Regenerators,” 
also "Recuperators”) 
producer-gas requirement 81 


propane requirement 81 

pulverized coal 69 

recuperators for heating 87, 88 

reformed natural-gas 

requirement 81 

regenerators for heating 87, 88 

soaking-pit supply of 405 

Combustion calculations 55 

Combustion chambers 

blast-furnace stoves 233 

coke-oven (see "Heating cham- 
bers, coke-oven") 

Combustion constants 

gases 53 

Combustion control 
coke ovens (see "Coke ovens, 
combustion control in") 

heating furnaces 411 

open-hearth 310, 320 

reheating furnaces 411 


soaking pits ...... .401-404, 405, 406 

Combustion flues 
coke oven (see **Heating diam- 


bers”) 

Combustion products 

blast-furnace gas 81 

butane 81 

carburetted water gas 81 

coke-oven gas 81, 86 

gaseous fuels 81 

heat content 86 

natural gas 81 

oilgas 81 

producer gas 81 

propane 81 

reformed natural gas 81 

water gas 81 

Combustion zona 

blast furnace 254 

Come to nature 

puddling process term 212 

Commercial coating class 
galvanized aheett €61 


Commercial quality galvanized 


sheets 661 

Common Cokes 

coating weight of 635, 636 

definition 630 

Common wires 

nomenclature 712-713 

uses for 

Commutator 

electric motor 46 

Compartment-type bakers 

wire-mill 689 

Complete oxidation practices 
acid electric-arc filnuice 

process 355 

Composite rolls 

rolling-mill 440 

Compound atoms 6 

Compound rails 523, 524 

Compound-wound motors 

principle of 47 

Compounds 

chemical definition 6 

Compressed air 

open-hearth combustion aid. ... 321 
Compressibility 

gases 16 

Compression springs 

characteristics of 720, 722 

Compression testing 

techniques for 923 

Compressors 

air (see "Air compressors") 
Concentration 


iron ores (see "Benefldation") 


tin ores 631 

Concentration cells 

corrosion related to 616 

Concentric converters 

definition 272 

Donawitz type 285 

Concrete 

definition 177 

prestressed 718 

refractory (see "Refractory 
concrete”) 

reinforcement with wire 

fabric 718 

wire-fabric reinforcement of.. 718 

Concrete aggregate 

slags for 172. 175 

materials used as 177 

Concrete-reinforcing bars 

bar-mill product 559 

Condensation 

definition 16 

metallic coatings applied by... 625 

Conditioning 

bar-mill procedures 557 

crucible steel 264 

iron ore (see "Beneftciation”) 

semifinished steel 493-502 

wheel blanks 573 

Conducting bottoms 

electric-arc furnaces 334 

Conduction 

heat 4,35 

Conductivity 


electrical, (see "Klectrlc con- 
ductivity") 

heat (see *^erinal conductiv- 
ity") 

thermal (see "thermal con- 
ductivity") 


Conductors 

electrical .47,89 

thermal, deflxdtion 18 

Cone-roU piercing mlUa.. 424 
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Conemaugh teriaa 

coal 60 

Cones 

settling (see *'Settllng cones’*) 
Conglomerate 

occurrence 180 

Coning 

wheels 568, 575 

Conservation of energy 

law of 32 

Constitution 

carbon steels 816 

stainless steels 854-858 

steel 788 


Constitution diagrams (see 
“Phase diagrams’*) 
Constructional alloy steels (see 
“AISI alloy steels**) 


Contact arc 

definition 889 

Contact area 

definition 889 

Container 

extrusion-press 388 

hot-extrusion 


process 773, 77i 775, 776, 777 


Containers (see “Tin cans**) 
Continuous annealing 

black plate 633 

stainless steels 862, 863 

Continuous butt-weld process 

pipe manufacture 732-734 

Continuous causticizers 

phenol-recovery process 136 

tar-acid recovery process 136 

Continuous cooling 

transformation during 804-806 

Continuous duplex process 

advantages 861 

converters for 861 

cycle of operations 361 

deficiencies of 362 

hot metal for 360, 861 

plant layout for 861 

slag compositions 862 

Continuous-feedback system 
direct-current motor speed 

control 451 

Continuous furnaces 
billet heating for hot extru- 
sion in 774 

galvanizing-Une 672 

heat-treating 

types 417.419. 516, 566. 

567, 633, 672, 762, 

763, 862, 863 

hot-strlp-mill 589 

normalizing 516 

reheating furnaces 406-411 

slab-heating 504 

strand -type 419 

structural -mill 532 

Continuous galvanizing 
pipe 786 


strip (see ’’Continuous (strip) 
galvanizing’*) 

wire (see “Wire galvanizing**) 
Continuous (strip) galvanizing 


equipment used in 669, 672 

mill treatment of steel coils 

for 666 

operations sequence in 669, 672 

principles of 662 

processes for 669, 672 

Continuous gasification 

solid fuels 78 

Continuous heating furnaces 

applications of * 399, 400 

thexmai efiiclency 400 


^n>es of 417, 516. 566, 567, 633, 

^ ^ 672. 762, 763. 862, 863 

Continuous hot-strip mills (see 
“Hot-strip mills**) 

Continuous joint bar 530 

Continuous mills 
bar mills (see “Bar mills**) 
billet mills (see “Billet mills**) 

drives for 456-459 

hot-strip mUls (see “Hot-strip 
mills”) 

plate mills 506, 517 

principle of 420 

rod mills (see “Rod mills**) 
seamless-tube mills (see 
*‘Seamless-tube mills**) 

tube-rolling 424 

wire-rod rolling (see “Rod 
mills”) 

Continuous mining 

coal 85 

Clontinuous pickling 

add consumption in 599 

advantages of 598 

cascade prindple for 599 

control of 599 

equipment for 598-600 

heating tanks with steam 599 

lines for 598-600 

power consumption in. 443 

stainless steels 862 

temperatures used in.. 599 

Continuous seamless process 


seamless-tube manufac- 
ture 751-755 

Continuous stiUa 

bubble caps in. 127 

control 128 

light-oil refining 127, 129 

operating principles 127, 128 

plates in 127 

tar refining 132 

Continuous-strand-type furnaces 
heat-treating applications ..... 419 
Continuous teme coating 
process for 658 


Continuous-typo rolling mills 
(see “Continuous mills**) 
Continuous wire-drawing 
machines 

types of €92,693 

Contour mining 


coal 65 

Contractive inhibitors 

definition 619 

Control panel 

electric-arc furnace 349 

Control pulpit 

acid-Bessemer plant 270 

Controlled-atmosphere furnaces 
heat-treating appUoationa ... 414 
Controlled atmospheres 

annealing in 414 

bright annealing in 414 

carbon dioxide in 414 

carbon monoxide in 414 

consumption in annealing 

furnaces 416 

continuous galvanizing proc- 
esses employ 669, 672 

furnaces utilizing 412 

heat-treating 

furnaces 401, 414, 810, 839 

high-speed steel heat treated 


in 839 

hydrogen in 414 

melting under 357 

methods for forming 414 

tin-plate manufacturing 183 


963 

water vapor deleterious to 414 


Controlled cooling 

fiakes prevented by 825 

plates ISIQ9 

rails 528 

semifinished steel 501 

transverse fissures prevent^ 

by 825 

wheel blocks 570 

wheels 569, 576, 577 

Convection 

heat 4, 35 

Convection-type furnaces 
heat-treating appli- 

^ cations 413, 415, 416 

Conversion pig irons 

uses for 223 

Conversion tables 
hardness testing 902, 903 


Converted steel (see “(Cementa- 
tion process**) 

Converters 

acid-Bessemer process. 267, 269, 271 


acid refractories for 271 

acid side blown 2M 

air blast 

for 266. 270, 271, 281, 284 

basic bottom-blown 281 

basic linings for 281 

blanking tuyeres 272 

blowing methods 266 

blowing time 279 

boring in 272 

bottom-blown 2^6, 281 

bottom changing 272 

bottom design 271, 281 

bottom drying 272 

bottom hoist car for. 270 

bottom life of 272 

bottom rebuilding facilities.... 270 

bottom refractories 272 

bottoms for 271 

concentric 272 

control pulpit for 270 

designs of early 267 

detachable bottom for 272 

dry bottoms 272 

drying of linings 271 

eccentric 272 

elbow pipe for 271 

flames emitted 

by 274, 275, 277, 

278, 284, 285 

foundry use of 866 

future trends In 281 

gases emitted by 277, 278 

gases for blowing 266 

gooseneck for 271 

life of bottoms 272 

life of linings.... 285 

lining life 285 

linings for 180, 271 

nose of 271, 272 


operation of (see “Acid-Besse- 
mer process,** also “Side- 
blown process,’* also “Thomas 
process,** also “Top-blown 


oxygen steelmaking processes**) 

origin of name 267 

oxygen for blowing 266 

pinion 271 

rack 271 

rammed basic lintttga 281 

refractories for ..266, 271, 285 

Shell 271, 272 

side blown 266, 284 

Thomas process 266, 281 

top-blown 285 

Tropenes 284 
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Converteni (cont) 

trunnions for 271 

tuyere plate lor. 271 

tuyeres lor 271 

vessel repair car 270 

wet bottoms 272 

windbox 271 

Convexity 

roll passes 477 

Conveyors 

belt (see ‘‘Belt conveyors’*) 

coil 593 

coke 112, 244 

galvanizing lines for 

sheets 668, 669 

heat-treating fumaoe 417 

pickling-line 598, 599 

plate-miU ....507, 512, 515. 516, 520 

Coolants 

impact-test specimen cooling 

in 905 

Coolers 

blast-furnace loss of 249 

intermediate 226 

monkey 226 

Cooling 

butt-welded pipe 734 

continuous (see ‘Continuous 
cooling'*) 

controlled (see ‘‘controlled cooling**) 

hot-strip-mill products 594 

impact-test specimens 905 

Ingots 392 

open-hearth doors 301 

plates after rolling 507 

skewback channels 303 


stainless steels after rolling...* 861 
transformation of 
steel during 793, 794, 804-806 


Cooling beds 

biUet-mill 492 

plates 512 

structxiral-miU 533, 538 

Cooling plates 

blast-furnace bosh 226 

blast-furnace hearth 227 

blast furnace loss of 249 

bosh 226 


Cooling tower 

galvanizing-line 672 

C^ling water (see ‘‘Water cool- 
ing**) 

Cope section 

foundry molds 370 

Copper 


alloys with silver 25 

atomic number 8 

atomic weight 8 

austenite former 794 

blast<>«fumace behavior of 253 

boiling point 8 

brass constituent 428 

bronze constituent 426 

cladding steel with 623 

corrosion resistance conferred 

on steel by 620 

eleetroplati^ baths for. 624 

high-strength steel prq;)erties 

related to content of 846 

iron casting properties Inflo*^ 

eneed by 880 

Iron-ore constit- 


uent 144, 145, m, 156 

melting point 8 

open-hearth behavior of. ....... 222 

residual element In carbcm 


steel 

wep eoQstttueiil 


sources for addition to 


sted 203 

steel castings* content of 368 

steels containing 368; 666 

symbol 8 

Copper-bearing steels 

copper content of 666 

corrosion resistance 843 

Copper losses 

blast-furnace 249 

Copper-silver alloys 

phase diagram 25 

Copper sulphate test 

galvanized wire 711 

Copper wire 

drawing of 699 

Coppered wire 685, 715 

Cor-Ten 

composition of 844 

Core 

carburized-section 814 

Core blowers 371 

Core box 371 

Core losses 

definition 852 

electrical sheets 849 

Core plate 

characteristics of 627 

Core plating 

electrical sheets 849 

Core sands 

selection of 371 

Core washes 

steel foundry uses of 370 

Core zone 

capped-steel ingots 395 

Cored molds 

steel foundry use of 371 

Coreless Induction furnaces 

steelmaking 334, 335, 356 

Coreprints 

foundry mold 371 

Cores 

baking 371 

blowers for making 371 

boxes for making 371 

dielectric heating for drying. . . 371 

drying 371 

hand molding 371 

machine molding 371 

placement in molds 371 

prints for 371 

sands for 371 

supporting of 370 

vents for 371 

washes for * 370 

wire-rope 719,720 

Comer ddeet 

hot-extrusion process 774 

Corrontzing 

principles of 623 

Corrosion 

abrasion as factor in 617 

acids as corroding agents 615 

alkalis as corroding agents 615 

carbide predpitatiOT as cause 

of 617 

cavitation as factor in 617 

concentration cells as factors 

In 616 

corrosion fatigue 617 

driving force of reactions 

in 615 

electrochemical nature of 619 

electrolytic phenomena rdated 

to 615 

dectromotive series rdated 

to 621, 622 

erorfon as factor In.... 617 


galvanic 61$ 

heat-resisting steels 876-880 

hydrogen evdved in cans by. . . 651 

intergranular 617, 866 

mechanism of 615 

metallurgical factors in 617 

moisture related to 615 

oxygen role in 615, 616 

passivity effects 615 

pitting type in stainless 

steels 666 

prevention of (see “Corrosion 
prevention**) 

rate-afifecting factors 615*619 

salts as corroding agents 615 

solution potential of metals 

related to 621, 622 

stainless-steel 865-868 

stray ciurents as cause of 616 

stress corrosion 617 

stress-corrosion cracking 617 

sulphur compoimds related to. . 616 
temperature related to rates 

of 616 

theory of 615-619 

tin cans 651 

tin-plate 646, 650-653 

Corrosion fatigrue 

factors related to 617 

Corrosion-fatigue testing 

principles of 910 

Corrosion prevention 

cathodic protection for 619 

cleaning surfaces for 619 

coatings for 618, 620-629 

copper added to steel for 666 

designing for 618 

inhibitors for 618 

material selection for 617 

protective coatings for. .618, 620-629 
Corrosion resistance 

AISI alloy steels 835 

alloying elements confer 835 

alloying elements influence.... 835 

copper-bearing steel 843 

heat-resisting steels 876-880 

high-strength 

steels 842, 843, 845, 846 

stainless steels 863, 865, 866 


Corrosion-resistant steel cast- 
ings (see “Heat- and corrosion- 
resistant steel castings") 
Corrosion-resistant steels (see 
“Atmospheric corrosion", 
also “Corrosion resistance**, 
also “Heat and corrosion- 
resistant steel castings**, also 
‘‘Heat-resisting steels**, also 
“Stainless steels**) 

Corrugated roll roofing 


galvanized 662 

Corrugated sheets 

galvanized 662 

Corundum 

alumina-silica system compon- 
ent 191 

ferrous oxide-alumlna-silica 

system component 192 

lime-alumina-silica system 

component 193 

manganous oxide-alumina-silica 

system component 196 

melting point 191, 195 

potassium oxide-alumina-silica 

system component 195 

sodium oxide-alumina-sUica 

system component 194 

Codettizing process 

principle of 621 
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Cotton tie 

bar-mill product 558 

roll passes for 550 

rolling mills for 545 

Cottonseed oil 

electrolytic tin plate treated 

witli 643 

tin plate oiled with 650 

Cottrell dry metliod 
blast-fumace-gas cleaning .... 236 
Cottrell wet method 

blast-fumace-gas cleaning 236 

Coulomb 

definition 23, 40 

Coumarene 

light-oil constituent 126 

Coumarone 

light-oil constituent 123, 132 

Counter-current firing 
fcontinuous-type reheating fur- 
naces 407 

Counterbalances 

rolling-mill rolls 426 

Couplings 

rolling-mill 424 

Coupling boxes 

rolling-mill 424, 431 

Coupling forgings 

blanks for 780 

Couplings 

pipe (see “Pipe couplings”) 
Covalence 

definition 22 

Cove Mountains deposits 

iron ore 149 

Cover-annealing furnaces 

bell-type * 416 

Cover sheets 

function of 417 

Covers 

inner, bell-type furnaces 416 

soaking-pit 402, 404 

Covington coke-drawing 

machine 93 

Crack propagation 
fracture-transition tem- 
perature related to ..907-908 

Cracker pipe 

ammonia saturator 120 

Cracking 

alloy tool steels 839 

ingots (see “Ingot cracking”) 

quenching stresses cause 811 

stress-corrosion 617 

ingot (see “Ingot cracks”) 

scarfing as cause of 498 

Cradles 

492 

Crane raUs 524, 527, 529 

Crane track wheels 568 

Cranes 

electric-furnace steelmak- 
ing plant 342, 343 

open-hearth plant 290, 291, 292 

soaking-pit 404 

wire-znill 886 

Crates , 

pickling (see •Tickling racks ) 
Creep 


rate of (see “Creep rate”) 



variations in 

.... 917 

Cross-coimtry mills 


558 

Creep-rupture test 


arrangement of 

.... 420 

550 

principles of 

.... 919 

bar-mill applications of . . . * 

.544, 545 

545 

Creep strength 


billet mills 

.... 488 


alloying elements affect. . . . 

.872, 873 

Cross-over flues 



chromium effect on 

.872, 873 

coke ovens 

.... 97 

643 

cold working affects 

.... 873 

Cross-over mains 


650 

composition related to 

.... 872 

coke oven 

.... 115 


crystal structure related to. 

.... 872 

Cross rolling 


236 

definition 

.... 918 

directional properties mini- 



deoxidation methods related 

mized by 

.... 821 

236 

to 

.... 875 

sheet bars 

.... 594 


hot hardness related to 

.... 920 

slabs 

.587, 591 

40 

molybdenum effect on 

.872, 873 

Crosshead 



stainless steels 

.... 868 

Rockrite machine 

.... 761 

126 

steelmaking practices 


tension-test machines 

.... 882 


related to 

.873, 875 

Crown 


132 

Creep testing 


flat hot-rolled steel products... 583 


apparatus for 

, .015-916 

plates 

506 


creep rate determined by 915 

creep strength determined by.. 918 

data presentation 916-918 

duration of tests 915, 918 

short-time tests 918-919 

specimens for 915-916 

stages of creep in 917 

strain-rate effect on 921-922 

temperature control in 916 

Creosote oils 

sources of 133, 137 

tar constituent 113, 132 

uses for 138 

Cresols 

light-oil constituents 123 

tar constituents 132 

Crimea 

iron ores 142 

Crimping 

plates for pipe 736 

Cristobalite 

alumina-silica system compo- 
nent 191 

ferrous oxide-alumina-silica 

system component 192 

ferrous oxide-ferric oxide- 

silica system component 197 

ferrous oxide-silica system 

component 197 

lime-alumina-silica system com- 
ponent 193 

lime-magnesia-silica system 

component 198 

lime-silica system component. . 196 
manganous oxide-alumina-silica 

system component 196 

melting point 191 

sodium oxide-alumlna-silica 

system component 194 

specific gravity 189 

Critical cooling rate 

definition 

Critical diameter 

definition 89® 

Critical shear strain theory 

plastic deformation .892, 893 

Critical shear stress theory 

plastic deformation 892, 893 

Critical temperatures 

definitions of 792, 793, 794 

Cronak treatment 

of oZo 


tes^g methods for (sec 
•‘Creep testing”) 

Creep rate 

stress effect on 


913 

principle of . 

378 

Cronstedtite 


iron mineral 

189 

Crop 

917 

definition ... 


Crop conveyor 


primary-mill 


Crop pusher 

918 

priznary-mill 


Crucible furnaces 

design principles 263 

foundry use of 366 

fuels for 263 

principal parts of 263 

Crucible practice 

definition 264 

Crucible process 

alloy steels made by 263 

antiquity of 261 

casting ingots 264 

cat’s-eyes 264 

charging the crucibles 263 

chemistry of 264 

clay crucibles for 262 

crucibles for . 262 

dead steel 264 

fiurnaces for (see •‘Crucible 
furnaces”) 

graphite crucibles for 262 

ingot casting 264 

ingot inspection 264 

ingot stripping 264 

Ingot topping 264 

inspection of ingots 264 

manganese in 263 

materials for 263 

medicine house 263 

pots for 262 

principles of 261, 262 

quality control 263 

scrap for 263 

slag formed in 264 

spiegel in 263 

stages of 263 

steel quality 263 

stripping ingots i 264 

tool steels made by 263 

topping ingots 264 

washed metal for 263 

wrought iron for charge 263 

Crucible steel 

castings of *64 

clinks in 964 

cogging of ^ 

conditioning ^ 

defect removal *64 

defects in * 9W 

forging of ^ 

ingots of 

pouring * *64 

production, annual 269 

Crucibles 

charging procedures - • 

clay 5® 

graphite ^ 

manufacture of *®* 

Cruciform sections 
Sack ™ill for rolling..... *.«••• 422 
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Crude benzene 

Ught-oU constituent 123 

Crude heavy solvent 

uses for 138 

Crude No. 1 solvent 

light-oil constituent 123 

Crude No. 2 solvent 

light-oil constituent 123 

Crude oil (see “Petroleum'^) 

Crude residue 

light-oil constituent 123 

Crude toluene 

light-oil constituent 123 

Crushed slags 

processing of 174 

Crushing 

coke 112 

dolomite 259 

iron ores 147, 152, 160 

limestone 259 

slags 177 

tin ores 631 

Cru^ing strength 
refractories (see **Cold 
strength”) 

Crystal lattices 

imperfections 15 

types 12-15 

Crystal planes 13 

Crystal structure 

ipha iron 789 

creep strength related to 872 

delta Iron 789 

gamma iron 789 

iron 789 

Crystal systems (see also “Crys- 
tals”) 12 

Crystallization 

ammonium sulphate 119 

iron minerals from magma 142 

naphthalene 137 

water of 21 

Crystallographic axes 12 

Crystallographic planes 13 

Crystallography 11-15 

Oystals 

idlotriomorphic 11, 385 

body-centered cubic 12, 14 

Bravais lattice 12 

cubic system 12, 14 

deformation by hot working... 386 

dendritic 395 

direction indices 13 

^docations in 15 

face-centered cubic 12, 14 

hexagonal 12, 14 

hot working deforms 386 

idiomorphic 11, 385 

lattice imperfections 15 

lattice parameters 13, 14 

lattices, space 12 

jMiller indices 12 

monocUnic system 12 

orthorhombic system 12 

planes in 13 

recrystaUization of plastically 

deformed 886 

rhombohedral 12, 14 

simple hexagonal 12, 14 

space groups 12 

Space lattice 12 

steel composed of..., 385 

structure of 11-15 

symmetry types 12 

systems of 12 

tetragonal system 12 

tin 14 

trielinic system 12 

unit eellB 12. 14 


CTS 

definition 630 

Cubic unit cells 12, 14 

Culvert sheets *661 

Cumulative- type wire-drawing 
machines 

principle of 692, 693 

Cup and cone 

blast-furnace 229 

Cupola iron 

desulphurization 278 

Cupolas 

Aston process use of 216 

melting pig iron in 274, 381 

operation of 381 

refractories for 274 

Cupping 

plates for hot-drawing 767 

Cupping process 

application of 767 

hot-draw bench for 767, 769 

Beamless tubes made 

by 725, 767-770 

Cupping tests 

technique for 923, 924 

Curium 

atomic number 8 

atomic weight 8 

symbol 8 

Curled hoop 

bar-mill product 558 

Current 


electric (see “Electric current”) 


Current density 
electrol 3 rtic-tinning 

process .....639, 640, 642 

Current rectification 

methods of 49 

Curtain spring wire 

flat wire for 717 

Cut and fill sloping 

iron-ore mining 168 

Cut nails 

historical 675 

Cut-stay fence 

manufacture of 718 

Cutting 

bars 5.51, 552 

pipe 778 

rails 527 

structural and other 

shapes 533. 538, 539 

wire . 700 

Cutting-edge-on-center chasers 

threading-die 779 

Cutting-off 

axles 580 

Cuyuna iron-ore range 

Deerwood iron formation 157 

extent 157 

geology 157 

hematites 157 

limonites 157 

location 153, 157 

mining methods 164 

ore types 157 

origin of ores 157 

Pokegama formation 157 

production 157 

Virginia slates 157 

Cyaniding 

principles of 815 

Cyanlte (see “Kyanite”) 

Cycle 

alternating current 46 

Cycle annealing 

wire 702 

Cycloheptana 

light-oil constituent 123 


Cyclohexane 

light-oil constituent 123 

Cyclohexene 

light-oil constituent 123 

Cyclononane 

light-oil constituent 123 

Cyclooctane 

light-oil constituent 123 

Cycloparaffins 

light-oil constituents 123, 126 

Cyclopentadiene 

forerunnings constituent 138 

light-oil constituent 123, 123 

uses for 138 

Cyclopentane 

light-oil constituent 123 

Cylinder finish tubing 

surface characteristics 766 

Cylinder series method 
hardenability determination 

by 806-807 

Cylinders 

forming operations on 770 

Cylindrical filters 

principle of operation. 236 

Cymenes 

light-oil constituents 123 

D-rails 528 

Dalton's first law 23 

Dalton’s second law 23 

Damascus steel 

manufacture of 261 

watering 261 

Damper valves 

coke oven 105, 106 

Dampering 

soaking-pit practice . . .397, 402, 405 
Dampers 

open-hearth 297, 298 

Damping capacity 

definition 17 

Damping capacity testing 

principles of 926 

Damuda sandstone iron ore 

geologic age of 142 

Dangerous inhibiton; 

definition 619 

Danks furnace 

mechanical puddling 215 

Daphnite 

iron mineral 141 

Dead -burned dolomite 

characteristics 194 

manufacture of 18.5 

open-hearth refractory ....200, 319 
Dead -burned m&gneslte 

uses for 185 

Dead holes 

roll-pass 432 

Dead melt process 

steel foundry use of 367 

Dead steel 

crucible process 264 

Dead -weight loading 

tension testing 882 

Deairing 

refractories 184 

DebenzoHzation 

wash oil 125 

Debenzolized wash oil 

definition 125 

Ilecane 

light-oil constituent 123 

Decarburization 

alloy tool steels 839 

controlled atmospheres for 

prevention of 810 

high-iQ;>eed steel 839 
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Decarburization (cont) 
prevention by control of heat* 
treating-furnace atmos- 


pheres 414 

steel in heating furnaces 411 

Decomposition 

chemical means for 6 

direct (see ‘Direct decomposi- 
tion* chemical”) 

Decomposition products 

coal 113 

Decorative coatings 
corrosion protection 

afforded by 621» 623 

Deep drawing 

hot 389 

Deep-drawing steels 

residual elements in 825 

Deep seam 

butt-welded pipe 727 

Deerwood iron formation 

Cu:^a range 157 

Deficiency of air 56 

Deflection tests 

iron castings 384 

Deformation 


plastic (see “Plastic deforma- 


tion”) 

Deformation resistance 

steel during rolling * 444 

Degreasing 

solvent processes for 621 

vapor process for 621 

Degree 

tomperatiire, definition 33 

Deliquescence 

definition 21 

Deliquescent substances 

definition 21 

Delivery guides 

rolling-mill 430 

Delta iron 

crystallographic form 789 

Dendrites 

crystalline form 395 

Dendritic segregation 

hot working eliminates 821 

Dendritic structure 

ingot cracking related to 493 

Dense- media classifiers 

coal preparation 68 

Density 

bulk (see “Bulk density”) 

carbon steel 929 

definition 17 

heat-resisting steels 929 

hematite 139 

hydrogen 29 

iron 929 

iron carbonate 139 

iron castings 378 

iron ores 139 

limonites 139 

oxygen 28 

refractories 188 

stainless steels 929 

steel 829 

tool steels 929 

wrought iron 929 

Deoxidation 

acid-Bessemer steel.... 276, 279» 280 

acid electric-furnace steel 356 

additions for (see “Addition 
agents”) 

age-hardening related to 586 

aging prevented by 

drastic 822, 823 

aluminum for 828, 853, 396, 897 

capped-steel practice 396 


carbon for 268, 280 

creep strength related to 

method of 875 

dry-bottom duplex process 

practice 363 

ferrosilicon for 328 

fine-grain steels 797 

hot metal addition for 280 

ingot structure controlled 

, by 393, 394 

killed-steel practice 397 

rimmed-steel practice 396 

semikilled-steel practice 396 

side-blown acid steel 285 

steel foundry practice 367 

Thomas process steels 283 

top-blown oxygen steclmaking 
process procedures 286 


Deoxidired Bessemer steel (see 
“Killed Bessemer steel”) 
Deoxidizers (see also “Addition 
agents”) 

compositions 279 

killed -steel practice 397 

rimming action controlled 

with 396 

Dephlcgmator 

ammonia still 118 

Dephosphorization 

acid-Bessemer steel 278 

open-hearth slag compositions 

favoring S27 

Thomas process 282 

Descaling 

bars 547 

hot-strip -mill practices ..,.587, 591 

hydraulic sprays for 587 

methods for 504, 508, 510, 512, 

514, 521. 547, 587, 591, 
621, 860, 861, 862 

plates .....508, 512, 521 

Blabs 504, 510, 514, 519 

stainless steels 860, 861, 862 

Destructive distillation 

coal 113 

Desulphurization 

electric-furnace steel 353, 355 

manganese as aid to 353 

open-hearth slag compositions 

favoring 327 

Thomas-process hot metal 282 

Detachable bottom 
converter 272 


Diamond-tipped hammer 

scJeroscope 901 

Diaspore 

occurrence 181 

Diatomaceou.s earth 

block forms for insulating 183 

Dibasic acids 

definition 26 

Dicalcium ferrite 

composition 326 

Dicalcium silicate 

composition 195, 326 

inversion prevention 185 

melting point 195 

stabilization 185 

Dicyclopentadicnc 

light-oil constituent 123 

uses for 138 

Die holes 

shape of 689 

Die rolling 

principle of 389, 424 

Dielectric heating 

core-baking method 371 

Dies 

cold -drawing 756 

hot-extrusion 773, 774, 775, 777 

threading 778-780 

wire-drawing (see “Wire- 
drawing dies”) 

Diethyl sulphide 

light-oil constituent 123 

Differential tin plate 

coating weights on 630 

Diffusion 

mechanism of 25 

recovery related to 386 

Diffusion flame 

definition 58 

Dilation 

thermal expansion 189 

Dimethyl pyridines 

light-oil constituents 123 

recovery of 121 

refining of 121 

tar constituents 132 

Dimethyl sulphide 

light-oil constituent 123 

Dioctyl sebacate 
electrolytic tin plate treated 

with 643 

tin-plate oiled with 650 

Diolefins 


Dextrins light-oil constituents. . .122, 123, 127 

steel foundry use in molding. . . 367 Direct-arc furnaces 
Diagonal beam passes acid -lined (see “Acid dlrect- 


rolling-mlll rolls 432 

Diagonal passes 

bar-mill 548, 549 

Diagonal rolling method 

rails 525, 526 

structural-mill 535 

Diamond 

specific gravity 29 

Diamond billets 

cause of 482 

Diamond dies 

wire-drawing 689 

Diamond indenter 

Vickers hardness test 900 

Diamond passes 

bar-mill 548 

rolling-mill rolls 431, 432 

Diamond penetrator 
Rockwell hardness test.... 898, 899 
Diamond pyramid hardness 
calculation of 960 


Diamond-pyramid hardness tests 
(ses **Vicker8 hardness tests'^) 


arc furnaces”) 

applications of 337 

arc stability 346 

balanced-beam control 348 

basic-lined (see “Basic direct- 
arc furnaces”) 

Booth-Hall type 335 

bottoms 340 

capacity ranges 335, 340 

charging method.s 341, 342 

circuit breakers for primary 

circuit S47 

control of power supply 348 

control panel 349 

door charging 841, 342 

drying materials for process. . , 342 

electrical characteristics 

of circuit 347, 349 

electrical leads 344 

electrode arms 344 

electrode holders 344 

electrode positioning 348 

^ectrodes for 340, 344 
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Dlrect^arc furnaces (cont) 


louaury use ooQf ooiy 

374, 375 

gantry lift roof 341 

Green type 335 

heat- and corrosion-resistant 
steels for castings melted 

In 374, 875 

Heroult type 335 

historical development 335 

hoods for 343 

induction stirring 340, 353 

leads for 344 

linings 340, 341 

Ludlum type 335 

magnetic control systems 348 

masts for 344 

mechanical parts 840 

meltdown period in 349 

Moore type 335 

power factor 346, 350 

power requirements 349, 350 

power supply 347 

power traxxsformers for 344, 346 

primary power supply 347 

reactors in primary circuit.... 346 

refractories for 340 

regulators for 348 

roof ring 340 

secondary circuit for 346 

secondary leads 344 

secondary voltage control 346 

sheU of 340. 341 

Snyder tsrpe 335 


steelmaking in (see “Add elec- 
tric-arc furnace process,’* also 


“Basic electric-arc furnace 
process”) 

Swindell type 335 

tap changers for transformers. . 346 

tilting mechanism 340 

top charging 341 

transformer capacity 340 

Volta type 335 

voltages used 346 

Vom Baur type 335 

Direct combination 

chemical 20 

Direct ciurent 

cathodic protection by 619 

chemical generation of 39 

corrosion related to stray 

currents of 616 

direction of flow 40 

electrolytic-tinning 

requirements €39, 640, 642 

electron flow 40 

flow of 34. 40. 41 

flow-rate measurement 44 

generation of 39, 45 

heating effect of 44 

magnetic fields produced by. ... 42 

measurement of 40 

mechanical generation 45 

mercury-arc rectifiers to 

produce 49 

motor-generator sets to 

produce 49 

motors for (see “Direct-current 
motors’^ 

rectifiers to produce 49 

steelmaking furnaces utilizing. 334 


Direct-current motors 

har-mlU applications 459 

biUet-mill applicatioDS 459 

continuous-feedback q;>eed- 

control system 451 

alectronie gpeed-eontrol 
gyatemi 452 


hot-strip mill applications 456 

magnetic-amplifier speed- 

control systems 451 

relay speed-control system.... 451 

reversing-mill drives 452-455 

rolling-xnill ^ives . . . .442, 446, 448, 
452-455, 456, 459 
rotating speed-regulating 

systems 451 

seamless tube-mill applica- 
tions 459 

speed control 451 

three-high mill drives 455 

Ward-Leonard speed-control 

system 451 

Direct decomposition 

chemical 20 

Direct firing 

heat-treating furnaces 413 

Direct flexure tests 

fatigue testing 909-910 

Direct pouring 

basic electric-furnace steel.... 354 
Direct primary coolers 

coal-chemicd recovery 116 

raw coke-oven gas 116 

Direct process 

ammonia recovery 117 

historical backgroimd 206, 207 

wrought-iron manufacture. 206, 207 
Direct reduction 

iron ores 206 

Direct-resistance furnaces 

electric 334 

Direct rolling 
ingots to flat-rolled 

products 586 

Direction indices 13 

Directional properties 

cross rolling minimizes 821 

hot working contributes to 387 

rolling results in 821 

steel 387, 390, 821 

Disc-type Alters 

principle of operation 236 

Disc-type mills * 424 

Discharge 


electric (see “Electric dis- 
charge”) 

Discoloration 


tin plate 649, 650, 651 

Dishing 

wheels 568, 575 

Disintegrators 

high-speed 236 

rotary 236 

Theissen 236 

Dislocations 

crystal 15 

Dissociation 

carbon dioxide 58 

chemical 22, 26 

hydrogen 58 

Distillate fuel oils 72 

Distillation 

ammonia recovery by.. 117 

azeotropic, pyridhie-base 

recovery by 122 

batch (see “Batch sUUs”) 

coal, destructive 113 

continuous (see “’Continuous 
sUlls”) 

control of 128 

fractional (see **Fracfional 
distUlatton”) 

light-oil recovery by,« 125 

progressive, coal analysis.... 63 

pyiidine-baae recovery by 121 

tari*acid refishog 136 


tube, assay test for coal (3 

Distortion 

alloy tool steels 839 

austenite grain size influences. . 795 

quenching stresses cause 811 

Distribution coefficient 

definition 23 

Distributor 

blast-furnace 231, 232 

Divalent atoms 22 

Dividing wall 

coke-oven heating chambers. . . 95 

Doghouse 

open hearth 304 

Dolomite 

alumina in 18i 

blast-furnace flux 172 

burnt (see “Burned dolomite”) , 
calcined (see “Burned dolomite”) 

calcium carbonate in 173 

characteristics 194 

chemical nature of 30 

clinker 185, 319 

clinkered 185, 319 

composition ..172, 173, 181 

consumption per ton of steel 

produced 184 

crushing 259 

dead-burned (see “Burned 
dolomite”) 

electric melting furnace use of. 337 

fluxing with 172 

granular refractories from 184 

impurities in 181 

kilns for burning 185 

magnesium carbonate in 173 

open-hearth refractory 200, 319 

phosphorus in 173 

preparation as flux 173 

raw, uses for 184 

silica in 173, 181 

single burned 319 

sizing 173, 259 

sulphur in 173 

Thomas-process consumption 

per ton of steel 282 

uses for 181, 184 

water in 173 

Dolomite machine 

principle of 318 

Dominant pool 

duplex process utilizing 360-362 

Door charging 

electric-arc furnaces 341, 342 

Door cleaners 

coke oven 108 

Door extractors 

coke oven 107, 110 

Doors 

basic open-hearth 200 

coke-oven 93. 99, 104, 108 

open-hearth 184, 297, 298, 301 

Dope 

pipe-coupling thread 780 

Doping 

tubes for Hockritlng 762 

Dormant scrap 

analysis of 205 

chemical analysis of 205 

classification of 204 

consumption of 205 

sampling of 205 

segregation of 204, 205 

sources of 204 

types of 204 

DOS 

electrolytic tin plate treated 
with W 
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Doubl«*-actinf ittam hammers 

principle of 387 

Double Belgian mills 

wire-rod rolling 682 

Double bell and hopper 

blast-furnace 229 

Double-block system 

beehive coke ovens 91 

Double blowing 

Thomas process 283 

Double collecting mains 

coke ovens 105 

Double-divided coke ovens 98 

Double expanded-end pipe 

welding of 785 

Double extra strong pipe 726 

Double-flange wheels 568 

Double forging 

wheel blanks 573 

Double-lead process 

wire patenting by 706 

Double normalizing 

steel castings 374 

Double-piercing process 
seamless-tube manufacture. 739, 743 
Double-refined iron 

definition 214 

mechanical properties 219 

Double replacement 

chemical 20 

Double-rolled iron 

definition 214 

Double shear steel 

cementation process for 262 

Double-slag practice 
acid electric-arc furnace 

process 355 

basic electric-arc furnace 

process 353 

steel foundry use of 367 

Double torsion springs 

characteristics of 722 

Doublers 

breakdown 596 

Doubling 

packs for hot rolling 594, 596 

Down-and-up cut shears 

primary-mill 472 

Down-cut shears 

primary-mill 472 

Down run 

water-gas producers 78 

Downcomer 

blast-furnace 230, 231, 232 

Downtake 

blast-furnace 232 

Draft 

ore boats 242 

roll-pass design related to 433 

steel-casting molds 367 

wire-drawing 684 

Draft gages 

coke-oven 112 

Drafting 

hot-strip-mlU finishing 

stands 589 

Drag bridle 

electrolytic-tinning line 641 

Drag-out 

electrolytic tinning 642 

Drag-over mills 

two-high, rolling 420 

Drag section 

foundry molds 370 

Draglines 

open-pit iron-ore mining 161 

Drags 

mold-ear 


Drainage 

open-pit iron-ore mines 160 

Draw bench 

cold-drawing seamless tubes 

on 757 

cupping process 767, 769 

plyer of 757 

wire-mill 690 

Draw shrinkage 

iron castings 380 

Drawbar 

wire-drawing frame 684 

Drawing 

beehive coke 93 

cold 390 

definition in wire Industry 684 

heat-treating operation (see 
“Tempering*') 

hot 389 

patterns from molds. 371 

puddling process 212 

Drawing machines 
wire (see “Wire-drawing 
machines'*) 

Drawing quality galvanized 


sheets 662 

Drawing temperature 

ingots 398 

Dresser-type joint 

pipe coupling with 785 

Drifts 

iron-ore mining 166, 167 

Drill pipe 726, 739, 785 

Drilling 

billets 772 

blast holes, open-pit mines 160 

iron-ore mining 146 

rails 529 

Drive bridle 

electrolytic-tinning line 643 

galvanizing-line 672 

Drive pipe 726 

Drives 

manipulator 461 

motor-generator sets 593 

rolling-mill see “Rolling-mill 
drives*') 

screwdown 460, 592 

shear 461 

side-guard 461 

table rollers 460 

Drop molding 

refractories 183, 184 

Drop-of-the-beam method 

yield-point determination 890 

Drop tests 

rails 528 

Dross 

galvanizing 666, 708 

tin 647 

tin purification 631 

Drum-type filters 
principle of operation, 236 
Dry air 

scaling of steel in 596, 597 

Dry blast 

blast-furnace 258 

Dry-bottom proceaa 
duplex steelmaking process.... 362 
Dry bottoms 

converters 272 

Dry cleaning 

blast-furnace gas 235 

Dry drawing 


Dry fini^ 

long temes 657 

Dry granulation 

hlast-luraace slags ...» 274 


Dry ice 

coolant for impact testing 905 

Dry pressing 

refractories 183 

Dry processes 

coal preparation 67 

Portland cement manufac- 
ture 178, 179 

wire-drawing 684, 688, 697, 698 

Dry puddling process 

defmition 210 

Dry quenching 

coke UO 

Dry sand castings 

steel foundry 371 

Dry sand molds 

iron casting 384 

Drycolene 414 

Dryers 

ammonium sulphate 119 

centrifugal 119, 120 

Drying 

bars after pickling 555 

basic brick 184 

blast-furnaces 245 

bottoms for converters 270, 272 

cores 371 

electric-arc furnace charge 

materials 342 

electrolytic tin plate 643 

hot tops 343 

ladles 343 

molds for steel-base rolls 435 

organic coatings 629 

pickled flat-rolled prod- 
ucts 599, 601 

steel ladles 343 

stopper-rods 343 

stoves 245 

Ductile 

definition 6 

Ductile iron (see “Nodular iron 
castings") 

Ductile-iron rolls 

rolling-mill 439, 440 

Ductility 

aging decreases 823 

cold working decreases 821, 822 

deflnition 881 

significance In design 895 

tempering to Improve 811 

tension te.st for determining 

properties involving 891 

wrought iron 219 

Ductility transition 

impact testing 907-908 

Dummy block 
hot-extrusion 

process 774, 775, 776, 777 

Dummy pass 

rail-i^il 526 

Dumpers 

car 242 

Dumps 

waste (see “Waste dumps”) 
Dunkard series 

coal 66 

Duplex pig iron 

composition ranges 221 

Duplex processes 
acid-Bessemer converters 

for 860. 361 

advantage of 363, 364 

continuous process main- 
taining a dominant pool. . .860-362 

converters for 360, 361 

disadvantages of 862, 363, 364 

dry**bottom proceai 362 

Itaat times..... 36S 
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Duplex processes (cont.) 
high>carbon blown metal for. . . 279 


hot*metal mixers for 360, 361 

iron ladles for 361 

nitrogen in steels made by.... 364 
open-hearth furnaces for... 360, 361 

phosphorus in slags.. 145 

plant layout 360 

leamless-tube steels made by. . 740 

single-heat process 362 

slags as soil condi- 
tioners 145, 177, 364 

soil conditioners from 

slags 145, 177, 364 

steel types produced 364 

steelmaking methods 359-364 

tilting open-hearths 

for 360, 361 

Duquesne rail joint 529 

Durain 

characteristics of 63 

Durenes 

light-oil constituents 123 

Dust 

blast-furnace gas 79, 235 

flue (see ”Flue dust”) 

sintering 237 

Dust guard 

axle 568 

Dust removal 

blast-furnace gas 235 

Dustcatcher 

blast-furnace 225, 235 

Dusting 

dicalcium silicate 185 

DX gas 414 

Dynamic equilibrium 20 

Dyne 

definition 33, 37 

Dyne-centimeter 

definition 33 

Dysprosium 

atomic number 8 

atomic weight 8 

symbol 8 

E. m. f. 

definition 45 

Earth 

composition of crust 6 

magnetic field of 37 

Eccentric converters 

definition 272 

example of 285 

Eddy-current loss 

definition 852 

Edge effects 

hardness testing 897 

Edging passes 

bar-miU 547 

hot-strip mill 587, 591 

rail-miU 526 

roUing-miU 428, 432, 526, 

547, 587, 591 

Edison Gage 

wire 932 

Efflorescence 

definition 21 

Efflorescent substances 

definition 21 

El Pao hematite Iron ore 

geologic age of..... 142 

El Tofo magnetite iron ore 

geologic age of 142 

Elastic limit 

de^ition 17> 888 

Elastic modulus 

definition 17 

Elastic range 

definition 888 


Elasticity 

definition 17 

steel 385 

Elbow covers 

coke oven 105 

Elbow pipe 

converter 271 

Electric arc 

temperature of 346 


volt-ampere characteristics .... 348 
Electric-arc furnace processes 
acid (see “Acid electric-arc 
furnace process”) 
basic (see “Basic electric-arc 


furnace process”) 

hot-metal consumption 204 

scrap for 204, 205 

Electric-arc furnaces 

advantages of 339 

applications of 337 

arc stability 346 

auxiliary equipment 342 

balanced -beam control 348 

capacity ranges 340 

charging methods 341, 342 

circuit breakers for primary 

circuit 347 

combination arc and resistance 

type 334 

conducting bottoms for 334 

control of power supply S48 

control panel 349 

direct-arc t3rpe (see “Direct- 
arc furnaces”) 

disadvantages of 339 

door charging 341, 342 

drying materials for process. . . 342 

economics of 339 

electrical characteristics 

of circuit 347, 349 

electrical leads 344 

electrode arms 344 

electrode holders 344 

electrode positioning 348 

electrode rings 344 

electrodes for 340, 343 

fiat-rolled -product steels 

made in 585 

foundry use 

of 337, 366, 367, 374, 375 

gantry lift roof 341 

hoods for 343 


independent-arc (see ‘Indirect- 
arc furnaces”) 
indirect-arc (see 
"Indirect-arc furnaces”) 


instrumentation 849 

iron foundry use of 381 

leads for 844 

linings 340, 341 

magnetic control systems 348 

masts for 344 


meltdown period in 349 

nonconducting bottoms for.... 334 

power factor * 346, 350 

power problems 339 

power requirements 349, 350 

power supply 347 

power transformers for. . . . .344, 346 
primary power supply.,.....,. 347 
reactors In primary circuit.... 346 

refractories for 340 

regulators for 348 

roof ring 340 

secondary circuit for 346 

secondary leads 844 

secondary voltage control 346 

series-arc type 934, 335 

sheU of 841 


sini^eHure type 834 

slags 339, 352, 353-355 

steelmaking in (see "Acid dee- 
tric-arc furnace process”, 
also "Basic electric-arc fur- 
nace process”, also "Electzic- 
arc furnace processes”) 

swing-type roof 341 

tap changers for transformers. . 346 

tapping spout 340 

top charging 341 

transformer capacity 340 

variable- voltage control 348 

ventilation of chargixig floor 

area 343 

voltages used 346 

Electric charges (see "Electrosta- 
tic charges”) 

Electric current 
alternating (see "Alternating 
current") 

chemical generation of 39 

corrosion effects of 615 

direct (see "Direct current”) 
•lectrol3^c- tin ning 

requirements 639, 640, 642 

electron motion causing 39 

flow direction 39 

flow mechanism 39 

generation by chemical means. 39 
generation by mechanical 

means 45 

heating melting furnaces 

with 334 

magnetic effects of 36 

mechanical generation of 45 

melting steel by 334 

nature of 39 

stray currents related to 

corrosion 616 

Electric discharge 

mechanism of 39 

Electric energy 

derived from heat 35 

measurement of 44 

Electric-furnace ferrosillcon 

constituents 203 

Electric-furnace steelmaking (see 
"Acid electric-arc furnace pro- 
cess”, also "Atmosphere melt- 
ing”, also "Basic electric-arc 
furnace process”, also “Induc- 
tion electric-furnace processes”, 
also "Vacuum melting”) 
Electric-furnace steels 
alloy-steel composi- 
tions 827-829, 855 

production, annual 269 

stainless steels 855 

Electric furnaces (see also "Elec- 
trJc-arc furnaces”, also "Elec- 
tric melting furnaces”, also 
"Heat-treating furnaces, elec- 
tric”, also "Induction electric- 
furnace processes”) 

heat-treating application 413 

induction type (see "Induction 
furnaces”) 

melting (see "Electric melting 
furnaces”) 

steel-producing capacity In 

United States 289 

BUectric generators 

electrical sheets for. 848 

Electric Impedance 

definition 46 

Electric-induction furnaces (see 
"Induction luniaces**) 
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Electric^lnduction heating (aea 
*lnduction heating'*) 

Electric melting furnaces (see 
also ‘*Eloctric-arc furnaces’*, 
also ^’Induction furnaces”) 
acid and basic processes com- 


pared 838 

advantages of 839 

application of 337 

arc type (see **Electric-arc fur- 
naces”) 

basic and acid processes com- 
pared 338 

bottoms 337, 340, 341 

capacity, U, S. annual 338 

classification of 334 

cold scrap vs. hot metal for 

charging 339 

development of 334 

disadvantages of 339 

economics of 338, 339 

electric-arc type (see **£lectric- 

arc furnaces”) 
foundry use 

of 337, 866, 367, 374, 375 

heating methods 334 

Hering type 337 

historical development 335 

hot-metal utilization in... 339 

induction type (see “Induction 
furnaces”) 

Iron losses in 338 

linings 337 

phosphorus oxidation in.... 338, 339 

present status of 334 

production of steel in, 

annual 338 

refractories 337, 340 

resistance type 334 

roofs 337, 340 

scrap utilization in 337, 339 

stcelmaking in 334-358 

steels produced in 337, 338, 339, 

827-829, 855 

Electric motors 
alternating-current 

type 47, 446, 447 

compound-woimd direct- 

current type 47 

direct-current type 46, 448 

electrical sheets for 848 

principles of 43, 46 

rolling-mill drives (see “Roll- 
ing-mill drives”) 
series-wound direct-current 
type 47 


shunt-wound direct-current 


type 47 

speed control 450-453 

squirrel-cage type 446 

synchronous 446 

wound-rotor induction 447 

Electric potential 
current flow direction influ- 
enced by 39 

measurement of 40 

Electric power 

acid -Bessemer process consump- 
tion per ton of ingots pro- 
duced 443 

annealing process consumption 

in tin mills 443 

bar-mill requirements of 443 

basic electric-arc furnace proc- 
ess requirements 350 

blast-furnace consumption of.. 443 
blooming-mill consumption per 

ton of product 443 

eoil equivalent 84 


coke-plant consumption of 443 

cold-reduction mill consumpdon 

of 443 

consumption 84, 85 

consumption per ton of ingots 

produced 442 

continuous-pickling process 

consumption of 443 

electric-arc furnace 

requirements 339, 349 

electric-arc furnace supply 347 

electrolytic-cleaning consump- 
tion of 443 


electrolytic-tinning consump- 
tion of 443 

fifteen-minute demand 

defined 443 

galvanizing process require- 
ments of 443 

generation, fuel economy 85 

generation, heat utilization 85 

generators for (see “Genera- 
tors*’) 

growth in generating capac- 
ity 441 

hot-dip tinning consumption 

of 443 

integrated-plant requirements 

of 443 

losses in reversing primary 

mills 444 

measurement of 44 

merchant-mill consumption of. 443 
open-hearth plant consumption 

of 443 

open-pit mining service........ 161 

plate-mill consumption of 443 

reversing primary-mill 

requirements of 444 

rolling-mill applications . . . .441-462 
rolling-mill consumption of..., 443 
sheet-galvanizing process 

requirements of 443 

slabbing-mill consumption per 

ton of product 443 

steel-industry requirements . . . 442 
temper-rolling consumption of. 443 

transmission of 48 

wheel-mill requirements of,... 443 
Electric precipitators (see 
“Electrical precipitators”) 

Electric-railway wheels 568 

Electric reduction furnaces 

characteristics 837 

Electric resistance furnaces 

steelmaking 334 

Bllectric-resistance-welded pipe 

manufacture of 734-736 

Electric steelmaking furnaces 
acid (see “Acid electric-are 
furnaces”, also “Induction 


furnaces”) 

basic (see “Basic electric-arc 
furnaces”, also “Induction 
furnaces”) 

Electric transformers (see “Trans- 
formers”) 

Electric- weld process 
pipe manufacture 725 

Electric-welded pipe 

bending plates for 736 

crimping plates for 736 

electric-resistance-welded (see 
“Electric-resistance-weldcd 
tubing”) 

expanding 738 

finishing operations on • 738 

fusion -welded 725, 736,-738 

manufacture of 736-738 


plates for T36 

shearing plates for.. 736 

738 

welding operations 736, 738 

Electrical conductivity 

definition 18, 40 

relation to thermal conductiv- 
ity 35 

Electrical conductors 

definition 17, 89 

Electrical equivalence 

heat 35 

Electrical insulation 

core plate for 627 

Electrical insulators 

definition 17, 39 

Electrical non-conductors 17 

Electrical precipitators 
blast-furnace-gas cleaning .... 236 

coke-oven fuel-gas cleaning... 103 

principle of operation 236 

tar removal from raw coke- 

oven gas by 116, 117 

Electrical resistance 

heat generation due to 40 

measurement of 40 

parallel 41 

series 41 

specific resistance defined 40 

temperature coefficient of 41 

temperature effect on 40 

Electrical resistivity 

definition 40 

Electrical sheets 

applications of 848 

characteristics of 848 

classification of 848 

composition of 835, 848, 850 

core losses 849 

core plating 627, 849 

definitions of properties.... 851, 852 

grain-oriented 848. 850 

magnetic properties «... 848-853 

mechanical properties 851 

non-oriented 848 

processing of 848-489 

rolling of 848-849 

silicon imparts special proper- 
ties to 835 

testing methods for 851, 852 

Electrical shunt 

definition 41 


Electrical steels (see “Electrical 
sheets”) 

Electricity 

static (see “Static electric- 


ity”) 

Electricity in motion 39 

Electrified bodies 

definition 38 

Electrocast refractories 

types of 184 

Electrochemical series (see “Elec- 
tromotive series”) 
Electrochemical treatment 

tin plate 650 

EHectrochemlstry 

definition 19 

Electrode arms 

electric-arc furnace 344 

Electrode clamps 

electric-arc furnaces 344 

Electrode holders 

electric -arc fiumace 344 

Electrode rings 

electric -arc furnace 344 

Electrodes 

adjustment of 354 

electric-arc furnace ........340, 343 
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Xiectrodeft (eont.) 
electric-resistance wading .... 734 


pitch as binder lor 132 

positioning 344, 348 

Soderberg 344 

welding wire 712, 713 

Electrog^vanlzing 

pipe couplings 780 

wire (see ‘*Wire electrogalvan- 
izing*’) 

Electrolysis 

electrolytic tinning 637-644 

mechanism of 22 

Electrolytes 

add 637, 638 

alkaline 637, 639 

definition 21 

dectrols^tic tinning 637, 639 

Electrolytic cells 

components of 615 

polarization in 615 

Electrolytic cleaning 

power consumption in 443 

■tdp for electrolytic tinning... 641 

strip for galvanizing 669 

uses for 621 


Electrolytic pickling 
hot-dip tinning preceded by . . . . 634 


principle of 621 

dieets for galvanizing 668 

strip lor electrolytic tinning. ... 641 
Electrolytic tin plate 

branners for 650 

characteristics of 630 

coating weights 630 

cottonseed oil on 643 

differentially coated 630 

dioctyl sebacate for oiling 643 

DOS for oiling 643 

electrostatic oiling of 643, 650 

emulsion oiling of ..643, 650 

finishes 930 

historical development 637 

inspection of 644 

luster 630 

manufacturing procedures (see 
**Electrol 3 rtic tinning”) 

matte finish 630 

melted finish 630 

oiling 643 

perforation detection 644 

^lers for 644 

pin-hole detectors for 644 

shearing 644 

thickness gaging 644 

Electrolytic tinning 

add baths for 637, 639, 641 

add halogen baths for 639, 642 

alkaline baths for 637, 639, 641 

alkaline stannate baths for 639 

anode reactions In 637 

anodes for 642 

cathode reactions in 637 

deaning strip for.. 641 

current dendties for... 639, 640, 642 

drag-out in 642 

electrodiemical principles of... 637 

dectrolytes for 637 

equipment for 637-644 

fluolx>rate baths for...... 637 

ffuoride-ehloride baths for 637 


fusion of tin coating after 

plating operation 643 

Induction melting of tin 

643 

loopers In tines for. 640 

looping dt* Ia tines for 640 

melting tin coating after 
plating oparation 643 


operating sequence In 641 

phenol-sulphonic add 

baths for 637, 639 

pickling strip for 641 

pit-type loopers in lines for. ... 640 

plating tanks for. 642 

power consumption in 443 

principles of 637 

radiant heating for melting tin 

coating 643 

resistance melting of tin coat- 
ing 643 

sequence of operations for 641 

side trimming strip for 640 

steel preparation for 640 

sulphate baths for 637 

temperatures of baths for. . .637, 642 

tin-coating fusion 643 

tower-type loopers in tines for. 640 

uncoilers for strip for 640 

welding strips end-to-end for. . 640 

Electromagnetic induction 44, 45 

Electromagnetism 42 

Electromagnets 

principle of 42 

Electromotive series 
corrosion phenomena related 

to 621, 622 

solution potentials compared 

to 622 

Electron groups 9 

Electron orbits 7 

Electron shells 9 

Electronic system 

atomic 7-11 

load-measurement by 883 

speed controls for direct- 

current motors 452 

Electrons 

flow through electrical con- 
ductors 40 

free 39 

nature of 7 

diared 21 

unbound 39 

valence electrons 9, 21 

Electroplating (see also **Electro- 
lytic tinning”, also ”Electrogal- 
vanizing”) 

baths used for 624 

metals used for 623 

Electrostatic charges 

attraction between like 38 

distribution on charged bodies. 38 
electric current from movement 

of 39 

induced 88 

movement of 39 

nature of 38 

negative 38 

permanently induced 39 

positive 38 

repulsion between unlike 38 

temporarily Induced 39 

transferability 38 

Electrostatic oiling 

electrolytic tin plate ...643, 650 

Electrostatic potential 

definition 38 

Electrostatic precipitators (see 
"Electrical pr^pitators”) 
Electrostatics 38 


Electrotinning (see "Electrolytic 
tinning”) 

Elementary substances (see 
"Chemical elements”) 
Elements 

chemical (see ^Chemical ele- 
ments") 


Elevated-temperature eorrosioii 
(see also "Heat-and corrosion- 
resistant steel castings”, also 
*^eat-resisting steels”) 


stainless steels 

Elevated-temperature service 

definition 872 

steels for (see "Heat-resisting 
steels”) 

Elevated-temperature tests 

creep tests 915-919 

hardness tests 919, 920 

rupture tests 919 

significance of 920-922 

Strain rate important factor 

In 920-922 

tension tests 913-915 

Elevator furnaces 

heat-treating applications 415 

EUwood B. F. finish 
tubing surface characteristics 

Imparted by 766 

Elongation 

gage length for determining. ... 891 

measurement of 891 

significance of 895 

tension test for determining... 891 

yield-point 889 

Ely furnace 

mechanical puddling 2X5 

Ely greenstone 

Vermilion range 158 

Ely mechanical puddler 

principle of 211 

Embrittlement 

aging as cause of 823, 875 

caustic 880 

heat-resisting steels 875, 876 

hydrogen as cause of 825 

stainless steels 864 

steel during galvanizing 825 

E.m.f. 

definition 45 

Emisslvity 

heat 59 

Emissivity factors 

metals and cermnlcs 59 

Emulsion oiling 

electrolytic tin plate 643, 650 

Emulsion-type burners 

liquid-fuel 74 

Enamels 


organic (see "Organic coatings”) 
vitreous (see “Vitreous enam- 


els”) 

End collar 

axle 568 

End face-centered monodinic unit 

c^ 12 

End face-centered orthorhombic 

unit cells 12 

End finishes 

wire springs 720-722 

End finishing 

rails 528.529 

End hardening 

rails 529 

End point 

acld-Bessemer process 274, 278 

fdde-blown process 284, 285 

spectroscope for detecting 278 

Thomas process .....282, 283 

top-blown oxygen steelmakinfi 

processes 286 

Sad*^quench test 
hardenability determined 
by 807-808 
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End walls 

open hearth 200» 304 

Endothermic chemical reactions. ^ 
Endurance limit 

definition 911 

high-strength steel 845 

sv^ace condition of specimen 

affects 910 

Endurance ratio 

definition 913 

Energy 

conservation of 32 

conversion of 32 

electric 35, 44 

heat 33 

kinetic 32 

mechanical 35 

nature of 32 

potential 32 

radiant 36 

transfer by radiation 36 

transmission of 33, 36 

Energy levels 9 

English system 15 

Entering angle 

wire-drawing die 689 

Entering guides 

rolling-mill 430 

fMtrada formation 

characteristics of 150 

Epsilon phase 

iron-tin system 646 

Equations 


chemical (see "Chemical equa- 


tions”) 

Equilibrium 

chemical 20, 23 

dynamic 20 

factors affecting 23 

mobile, van’t Hoffs law of 23 


Equilibrium composition diagrams 
(see "Phase dUagrams") 
Equilibrium diagrams (see "Phase 
diagrams") 

Erbium 

atomic number 8 


products of combustion with 

air 53 

specific gravity 53 

Ethyl benzene 

light-oil constituent 123 

Ethyl mercaptan 

light-oil constituent 123 

Ethyl toluenes 

light-oil constituents 123 

Ethylene 

air required for combustion... 53 
carburetted water-gas constitu- 
ent 81 

chemical formula 53 

coke-oven gas constitu- 
ent 57. 81. 113 

combustion-air requirement ... 53 
combustion-oxygen require- 
ment 53 

combustion products with air.. 53 
flue products of combustion. ... 53 

heat of combustion 53 

molecular weight 53 

natural -gas constituent 81 

oil-gas constituent 81 

oxygen required for combus- 
tion 53 

products of combustion with 

air 53 

reformed natural-gas constitu- 
ent 81 

specific gravity 53 

Europe 

iron-ore production 141 

iron-ore reserves 140 

Europium 

atomic number 8 

atomic weight 8 

symbol 8 

Eutectic composition 

definition 25 

Eutectic temperature 

definition 25 

Eutectoid steel 

definition 816 

transformation of 793 


Expansion strips 

electric-arc furnace roof....... 340 

Expansive inhibitors 

definition 619 

Explosion doors (see also "Bleeder 
valves") 

blast-furnace 232 

Explosive range 

coke-oven gas 79 

Extension springs 

characteristics of 721, 723 

Extension-under-load method 
yield-strength determination . . 889 
Extensometers 

principles of 884-887 

External chills 

steel foundry uses of 870 

External upset tubing 
A.P.L external upset tubing.... 782 
Extra-deep-drawing steel 

deoxidation of 586 

Extra-smooth galvanized 

sheets 662, 666 

Extra soft wire 678 

Extra strong pipe 726 

Extrusion 

hot (see "Hot extrusion") 

refractories 183 

steel 390 

Extrusion presses 

hot-extrusion 771, 772, 773, 777 

Eyesight 

blast-furnace 227 

Face-centered cubic unit cells.. 12, 14 
Face-centered orthorhombic unit 

cells 12 

Facing sand 

steel foundry use of 371 

Fagoting 

wrought iron 214 

Fahrenheit temperature scale. ... 34 
FaUlng seam 

butt-welded pipe 727 

Fanning 

blast-fuxnaces 248 


atomic weight 8 

symbol 8 

Erg 

definition 33 

Erich.sen test 

principle of 924 

Ermalite 383 

Erosion 

corrosion related to 617 

Eta phase 

iron-tin system 646 

Etch testing 

bars 557 

wrought iron 218 


Eutectoid structure 

definition 790 

Eutectoid temperature 
alloying elements influence.... 794 

steel 793 

Evaporation 

definition 18 

heat of 16 

metallic coatings applied by... 625 
Excess air 

definition 56 

heat content of combustion 

products affected by 86 

Exhausters 

coke oven 115 


Fans 

open hearth 291, 297, 305, 306 

Boaking-pit 405 

Fantail flues 

open-hearth 297, 298 

Fan tails 

open-hearth 304 

Faraday 

definition 23 

Faraday's Law 23 

Fatigue 

corrosion fatigue 617 

Fatigue failures 

definition 998 

origins of 908 


Etching 

tin-can interiors 851 

Etching reagents 

grain boundaries revealed by. . 788 


Ethane 

air required for combustion... 53 

chemical formula 53 

coke-oven gas constituent. . .57, 113 
combustion-air requirement ... 53 
combustion-oxygen require- 
ment 53 

combustion products with air.. 53 
flue products of combustion. ... 53 

heat of combustion 53 

molecular weight 53 

natural-gas constituent ...57, 75, 81 
oxygen required lor combus- 
ts 53 


Exit rolls 

galvanizing-pot .668, 672 

Exothermic chemical reactions. . . 20 
Expanded-end pipe 

welding of 785 

Expanded slags 

processing of 174 

production of 174 

uses 115 

Expanding 

electric-welded pipe 738 

seamless tubes 751 

Expansion 

linear (see ‘•Linear expansion") 
secondary (see "Secondary ex- 
pansion") 

thermal (see "Thermal expan- 
slon" 


Fatigue limit 

definition 911 

Fatigue resistance 
high-strength steels — 844, 845, 848 
Fatigue specimens 

notched-type 911 

Fatigue strength 

definition 912 

tensile strength related to 912 

Fatigue-strength reduction factor 

definition 913 

Fatigue testing 

corrosion-fatigue tests 910 

direct-flexure tests 909-910 

endurance limit affected by 
surface condition of speci- 
mens 910 

endurance limit In. 911 
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Fatigue testing (cont.) 

endurance ratio defined 913 

fatigue limit in 911 

fatigue strength in 912 

fatigue strength reduction fac- 
tor defined 913 

fatigue strength related to 

tensile strength 912 

loading arrangements 909, 910 

resonant'frequoncy for 909-910 

rotating-beam types of 

tests for 909-910 

S-N diagrams for presenting 

data 911 

significance of results 912-913 

specimen preparation 910-911 

techniques for 908-913 

tensile strength related to 

fatigue strength 912 

types of tests 909-910 

Faults 71 

Fayalite 

composition 192 

ferrous oxide-alumina-silica 

system component 192 

ferrous oxide-ferric oxide- 

silica system component 197 

ferrous oxide-silica system 

component 197 

formula 181 

Feed ore 

open-hearth 312, 313, 321 

Feeder tables 

sheet-mill 596 

Feeders 

hot-dip tinning 634, 635 

stockhouse 244 

Foedheads 

foundry mold 371 

Feeding 

steel-base roll castings 434 

Feeler Gauge Steel 

flat wire for 717 

Feet 

rolling-mill housings 427 

Feld washers 

blast-furnace-gas cleaning 235 

Fence 

wire (see **Wire fence”) 

Fence posts 

roll passes for 549 

FeO (see “Ferrous oxide”) 

Ferranti furnace 

induction type 335 

Ferric oxide 

blast-furnace charge compon- 
ent 254 

blast-fumace reduction of.. 254-255 
duplex-process slag con- 
stituent 362, 363 

ferrous oxide-ferric-oxide- 

silica system component 197 

heat of formation 250 

open hearth idag constitu- 
ent 322,323 

Ferric oxide-ferrous oxide- 
silica system 

phase diagram 197 

Ferric oxide-lime system 

phase diagram 326 

Ferric sulphate 

pickling product 597 

Ferrite 

characteristicsof «... 788 

pig-iron constituent 878 

proeuteotoid 790 

Strengthening by alloying 
eknmnts 834, 8S5 


Ferrite formers 

definition 794 

Ferrite strengthening 
alloying elements respona- 

ble for 834, 835 

Ferritic stainless steels 

applications 870 

cold working of 859, 860 

hot working of .859, 860 

modulus of elasticity 880 

Ferro-steel 383 

Ferroalloys 

blast-furnace ferrosilicon 221 

constituents of 202 

electric-furnace ferrosilicon ... 203 
foundry use for steel cast- 
ings 367 

ferrochromium 203 

ferrocolumbium 203 

ferromanganese 144, 202, 221 

ferromolybdenum 203 

ferrophosphorus 203, 221 

ferroselenium 203 

ferrosilicon ....203, 221 

ferrotontalum-columblum 203 

ferrotitanium 203 

ferrotungsten 203 

ferro vanadium 203 

furnace additions 202 

hardenability intensifiers 203 

ladle additions 202 

low-carbon ferromanganese . . . 202 
low-phosphor\is ferromanga- 
nese 202 

manganese in 202 

prelieating of 202 

silicomanganese 202 

silicospiegel 221 

silvery pig iron 221 

spiegel 203, 221 

spiegeleisen 203, 221 

standard ferromanganese 202 

types of 202 

Ferrocliromlum 

constituents 203 

electric furnaces for making... 337 
Ferrocolumbium 

constituents 203 

Ferromanganese 

composition 202, 221, 279 

electric furnaces for making. . . 337 

low-carbon 202 

low-phosphorus 202 

manganese ores for producing. . 144 

medium-carbon 202 

standard 202 

Ferromolybdenum 

molybdenum in 203 

Ferrophosphorus 

composition ranges 221 

melting point 380 

phosphorus content 203 

Ferroselenium 

selenium content 203 

Ferrosilicon 

basic electric-arc furnace 
process addition agent.... 353, 355 

composition 203, 221, 279 

deoxidizer for steel 203 

electric-furnace 203, 337 

reducing-slag component ..353, 355 

side-blown process use of 284 

silicon sources for 172 

Ferrosoferric oxide 
alkalies accelerate reductloii 

of 258 

blast-fumace reduction of. .254-255 

heat of formatioil 250 

iron-ore constituent 139 


Ferrotantalum-columbium 

addition agent 203 

Ferrotitanium 

constituents 203 

Ferrotungsten 

addition agent 203 

Ferrous carbonate 

iron-ore constituent 139 

Ferrous oxide 
acid electric-arc furnace 

process role of 355, 356 

acid open-hearth slag constitu- 
ent 331 

basic electric-furnace slag 

component 355 

blast-fumace reduction of. .254-255 
blast-furnace slag compo- 
nent 254, 257 

distribution between slag and 

motal 327 

duplex process slag constit- 
uent 362, 363 

ferrous oxide-alumina-silica 

system component 192 

ferrous oxide-ferric oxide- 

silica system component 197 

ferrous oxide-silica system 

component 197 

heat of formation 250, 277 

magnesia-ferrous oxide system 

component 198 

melting point 192, 197, 198 

open-hearth role of 327 

open-hearth slag constitu- 
ent 322, 323 

sand constituent 301 

slag pancakes for estimation 

of 355 

Ferrous oxide-alumina-silica sys- 
tem 

phase diagram 192 

Ferrous oxide-ferric oxide-silica 
system 

phase diagram 197 

Ferrous oxide-magnesia system 

phase diagram 198 

Ferrous oxide-manganous oxide- 
silica system 

phase diagram 325 

Ferrous oxide-silica system 

phase diagram 197 

Ferrous phosphate 

composition 326 

Ferrous sulphate 

pickling product 597 

Ferrovana^um 

vanadium content 203 

Ferruginous manganese ores 

manganese content range 144 

Fertilizers (see also “Soil con- 
ditioners”) 

Ihomas process slags for 283 

Fettling 

basic open-hearth 318 

Fiber 

causes of in steel... 387 

Fiber-glass 
hot-extrusion lubri- 
cant 770, 771, 775 

Fiber pitch 

pitch for making 132 

Fields of force 

£!arth*8 magnetic field.,.. 37 

magnetic 36, 37 

Field strength 

magnetic 37 

Field-testing method 
tubular products 781 



975 


Fifteen-minute demand 

definition 443 

Fifty-fifty practice 

open-hearth 309 

File hard 

definition 901 

File hardness 

technique for determining 901 

File test 

bars 557 

FiUet 

wire-drawing block 690 

Filling 

blast-furnaces 246 

Filtering 

sludges 236 

Fitters 

blast-furnace gas cleaning 236 

cylindrical 236 

disc-type 236 

drum-type 236 

Final cooler 

light-oil recovery process 124 

Fine-grain steels 
aluminum deoxidation to pro- 
duce 797 

extra -deep-drawing type 586 

grain coarsening in 796 

Fine wire 

drawing machines for 693 

wet drawing of 698, 699 

Finery 

puddling process 210 

South Wales process 210 

Fines 

iron ore 147 

Finger gates 

foundry mold 372 

Finger raises 

iron-ore mining 167 

Finish-annealed tubing 

surface characteristics 766 

Finish coats 

vitreous-enamel 627 

Finishing 

butt-welded pipe 734 

cold -drawn tubes 765, 766 

electric-resistance welded tub- 
ing 736 

elec trie- welded pipe 738 

extrusions 778 

stiiinless steels 862, 863 

tubular products 778-787 

wires 700 

“Finishing” mills 

hand hot mills 594, 596 

Finishing pass 

rail-mill 526 

Finishing period 
basic open-hearth, chemistry 

of 327 

Finishing stands 

bar mills 542 

hand hot mills 596 

hot-strip mill 587, 591 

plate mill 515 

rail -mill 524 

structural-mill 532, 533 

Finishing temperature 
austenitic grain size related 

to : 821 

grain size influenced by 387, 795 

hot-rolled breakdowns for 

tin-plate manufacture 633 

hot-strip-mill products ....587, 594 

open-hearth steel heats 314 

Fins 

avoidance In rolling rails 526 

causes of 656 


INDEX 

laps caused by 495 

roll -pass design to control 477 

Fire brick (see “Firebrick”, also 
“Fireclay brick”, also “Fire- 
clay refractories**) 

Fire bridge 


air furnace 381 

Fire clay 

open-hearth use of 320 

Fire cracks 

bar defects caused by.. 556 

primary-mill rolls 479 

Fire point 

petroleum wash oil 124 

wash oil 124 

Firebrick (see also “Fireclay 
brick”, also “Fireclay refrac- 
tories’*) 

emissivity factor 59 

insulating (see “Insulating 
firebrick”) 

Fireclay brick 

bulk density 188 

chemical compositions 182 

cold strength 188 

cupola linings of 274 

deformation under load 188 

density 188 

electric-arc furnace use of 340 

hot-load resistance 188 

hot-metal mixer linings of 274 

mixer linings of 274 

modulus of rupture 188 

open -hearth use of 298, 299 

physical properties 188 

pyrometric cone equivalent.... 186 

runner linings of 247 

spalling resistance 188 

thermal conductivity 190 

thermal properties 188 

Fireclay cements 

constituents of 185 

Fireclay refractories 

alkali attack on 189, 193 

apparent porosity 188 

blast-furnace stove 

applications 233, 234, 235 

blast-furnace use of... 199, 225, 226 

checker brick 189 

chemical compositions 182 

deformation under load 192 

hot-load resistance ....190, 192 

impurities affecting refractori- 
ness 193 

ladle lining 315 

linear expansion of 187 

manganous oxide as impurity. , 193 
open-hearth use of. 200, 301, 304, 305 

peeling of 189 

pyrometric cone equivalents... 186 

raw materials for 180 

secondary expansion 189 

siliceous 187 

softening range 190 

spalling resistance 191 

specific gravity * 188 

true specific gravity 188 

types of 180 

Fireclays 

hurley 181 

hurley flint 181 

characteristics of 181 

flint 181 

nodular * 181 

plastic 181 

silica (see “Silica cement”) 

siliceous 180 

Fired chrome-magnesite brick 
apparent porosity 188 


chemical composition 182 

specific gravity 188 

true specific gravity 188 

Fired magnesite brick 

apparent porosity 188 

bulk density 188 

cold strcngtli 188 

deformation under load 188 

density 188 

hot -load resistance 188 

modulus of rupture 188 

spalling resistance 188 

specific gravity 188 

true specific gravity.... 188 

Firedoor temes 659 

Fireplace 

air furnace 381 

Fireproofing materials 

Blags for 175 

Firestone 

alumina in 180 

chemical composition 182 

converter linings of 271 

cupola linings of 274 

iron oxide in 180 

lime in 180 

occurrence 180 

Firing 

batch-type reheating furnaces. 407 

boilers at blast furnaces 245 

coke ovens (see “Coke ovens’*) 
continuous-type reheating 

furnaces 407, 410 

direct 413 

indirect 413 

open-hearth furnaces (see 
“Open-hearth processes, com- 
bustion control”) 

refractories 184 

soaking pits 401-404, 405 

underjet, coke ovens 98 

vitreous enamels 627 

Firing and dampering 

soaking-pit practice ...402, 405 

First helper 

opcn-hcarth 308 

Fischer process 

steel foundry molds 367 

Fish 

rail 527 

Fish plates (see “Joint bars”) 

Fish Tape Wire 

flat wire for 717 

Fissures 

internal, ingots 391, 395 

5A Charcoal tin plate 

coaling weight of 636 

Five-draft wire 

dry drawing of 698 

Five-hundred cubic foot 

coke ovens 94 

Fixed ammonia 117 

Fixed ammonium salts 
ammonia liquor constituents. . . 113 
Fixed carbon 

coal constituent 64 

coke content of 90, 256 

Fixed leg 

ammonia still 116 

Fixed gases 


Flake graphite 

refractory applications 181 

Flakes 

controlled cooling to pre- 
vent 501, 502 

hydrogen contributes to 825 

nature of 501 
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Flame euttini 

biUeta 

plates 

structural^-miU applications ... 
Flame hardening 

principle of 

steel castings 

Flame planer 

plate-mill 

Flame-propagation rate 

blast-furnace gas 

coke-oven gas 

definition 

Flame temperature 


theoretical 58 

Flames 

blast-furnace gas 79, 81 

butane 81 

carburetted water-gas 81 

coke-oven gas 79, 81 

control in coke-oven heating 

systems 100 

converter 27i 275, 277, 

278, 284, 285 

diffuiion 58 

length control 58 

liquid fuel 74 

luminous 58 

natural-gas 81 

non-luminous 58 

oil-gas 81 

open-hearth 311 

producer-gas 77, 81 

propane 81 

reformed natural gas 81 

water gas 81 

Flammability 

limits for gases 55, 58 

Flange 

wheel 568 

Flanged joints 

pipe 785 

Fla^ bakers 

wire-mill 689 

Flash point 

liquid fuels 72 

petroleum wash oil 124 

wash oil 124 

Flash welders 

pickllng-Une 599 

skelp coils joined by 732 

wire-miU use of 695 

Flashings 662 

Fla^s 

molding 435 

steel foundry 370 

Flat-and-edge passes 

bar-mill 547 

Flat bars 

roll passes for 548, 549 

size limitations 584 

Hat inserts 

eheckerwork 233, 234, 235 

Flat passes 

bar-mill 547 


Flat-rolled steel products (see 
also **Band steel'*, also 
•*Bands^ also **Bars^ also 
-Black plate'*, also “Cold- 
reduced sheets**, also “Cold- 
reduced sMp'*, also **Cold- 
roUed strip sti^**, also 
“Cotton tie**, also **Koop**, 
also **Hot-rolled break- 
downs**, also "Hot-rolled 
ahee^*, also “Hot-rolled 
strip’*, also “Plates”, also 
“Skelp”, also “Slabs**) 
elassifteatlon of 583-585 


cold-rolled * 584 

dimensional range of 583 

finishing temperatures for hot- 

rolled 594 

hot-rolled 584 

pickling 596-601 

residual elements in steels 

for 585 

rimmed steel for 585 

sheet-production operations ... 595 

shipments of 584 

shot-blasting of 601 

steels for 585 

Flat rolling method 

raUs 525 

Flat wire 

definition 676 

manufacturing methods 676 

physical characteristics 584 

production methods for 716 

stainless-steel 717 

tempers 717 

uses for 717 

Flattened-strand hoisting rope 

construction of 719 

Flattening 

plates 507, 515, 516, 520, 522 

Flint fireclays 

characteristics of 181 

Float-and-sink methods 

coal preparation 67 

Float-and-sink test 

coal 67 

Floors 

rod-mill 681 

Floss hole 

puddling furnaces 2U 

Flotation methods 
coal preparation 67 


Flow 

electric current (see “Electric 
current, flow of*) 

Flow meters 

coke-oven fuels 112 

Flowers of sulphur 

addition agent 203 

Flue bridge 

air furnace 381 

Flue dust 

alkalies in 143 

blast-furnace 143, 223,225, 254 

blast-furnace production per 

ton of pig iron 254 

dustcatcher for blast-furnace. . 225 
production per ton of pig iron. . 223 

sinter component 148 

sintering 148, 237 

Flue gases (see also “Combustion 
products”) 

heat losses from heating fur- 
naces 400 

scaling rates of steels in 878 

Flue temperatures 

heating furnaces 401 

Flues 

basic open-hearth 200 

bus, coke oven 98 

cross-over, coke ovens 97 

gun, coke-oven 97, 100 

heating chambers, coke 

ovens 93, 95 

horizontal, coke ovens 95 

open-hearth 291, 297, 298, 305 

sole, coke oven 97 

Water-gas, coke ovens 97, 99 

Fluidity 

iron at time of casting 377 

Fluids 

definition 18 


Fluoborete batlis 

electrolytic tinning in 637 

Fluoranthene 

tar constituent 132 

Fluorene 

tar constituent 132 

Fluoride-chloride baths 

electrolytic tinning in 637 

Fluorine 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Fluorspar 

alumina In 173 

calcium carbonate in 173 

calcium fluoride in..... 173 

composition 173 

flux 173 

neutral flux 173 

open-hearth use of 311, 313 

reducing-slag component 353 

silica in 173 

sizing 173 

sources of 173 

sulphur in 173 

Flush-off slag 

open-hearth 309, 311 

Flush practice 

open-hearth 309, 311 

Flushing 

blast-furnace slag 237, 247 

coke-oven collecting mains.... 105 

Flushing liquor 
collecting-main flushing 

with 105 

damper- valve cooling with 105 

decanter tank for 116 

foul-gas cooling with 115 

function of 115 

origin of 105 

separation from tar 116 

tar separation from 115 

volume used per ton of coal 

coked 115 

Flushing liquor decanter tank 
(see “Hot tar drain tank”) 
Fluting 

hot-strip-xnill products 598 

Flux 

magnetic 37 

Flux box 

galvanizing-pot for sheets 668 

Flux density 

definition 852 

Flux pattern 

tin-plate steel base 646, 647 

Flux process 

long-teme manufacture 656 

acid (see “Acid fluxes”) 

acid compounds in 172 

amphoteric compounds in 172 

avafiable base In 173 

basic (see “Basic fluxes”) 

basic compounds In. 172 

calcium carbonate 172 

calcium in 172 

calcium-magnesiiun carbonate. 172 

chemistry of 172 

consumption per ton of pig iron 

produced 223 

dolomite 172 

fluorspar 173, Sll, 313, 353 

function of 172, 225 

functions in blast furnace 225 

galvanizing 668, 786 

UnMBtone 172, 173 


THE MAKING, SHAPING AND TREATING OF STEEL 


491 

513 

539 


810 

374 


513 

79 

79 

56 



INDEX 


Fluxes (tonty 

long*terne manufacture 656 

magnesium in 172 

neutral (see “Neutral fluxes^) 

open-hearth 311, 313 

preparation for use 173 

silica 173 

silicon in 172 

sizing 173 

sodium in 172 

sources of 173 

tinning 635 

Flying shears 

billet-mill 491 

electrolytic-tinning line 644 

galvanizing-line 672 

hot-strip mill 587, 589, 593 

Flywheel effect 

thermal 401 

Flywheels 
rolling-mill drive 

applications 448, 454, 455, 456 

Foaming 

open-hearth slag 311 

Folds 

ingot cracking related to 493 

ingot phenomenon 396, 493 

Foods 

tin-plate corrosion by 651 

Foot 

definition 15 

Foot-pound 

dei^ition 33 

Force 

back electromotive 45 

definition 33 

electromotive 39 

fields of magnetic 36, 37 

lines of magnetic 36 

magnetic fields of 36, 37 

magnetic lines of 36 

Forced-draft fans 

open-hearth 291, 297, 805 

Fore plate 

puddling furnaces 211 

Forerunnings 

cyclopentadiene in 138 

light oil 123, 127, 128 

uses for 138 

Forge pig iron 

uses for 223 


Forged -steel rolls 

rolling-mill applications 437 

Forging 

axles 578 

crucible-steel ingots 264 

double 573 

hammers for 387 

hydraulic presses for 387, 388 

mechanical 388 

methods for 387 

presses for 387, 388 

roll forging 389 

rolling compared with 390 

wheel blanks 570-573 

Forging hammers 

principles of 387 

Forging presses 

principle of 387, 388 

wheel -mill 572 

Formation 


heat of (see “Heat of forma- 


tion”) 

Former pass 

rail-mill 526 

Forming 

strip for electric-resistance- 
welding tubing 734 


Forming rolls 

continuous butt- weld process. . 734 
Formulas 

chemical (see “Chemical 
formulas”) 

Forsterite 

lime-magnesia -silica system 


component 198 

composition 195 

formula 181 

melting point 187, 195 

Forsterite brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation xmder load 188 

density 188 

hot-load resistance 188, 190 

linear expan.sion 187 

modulus of rupture 188 

spalling resistance 188 

specific gravity 188 

thermal conductivity 190 

true specific gravity 188 

Forward slip 

definition 389 

Fos-sil ore 

iron ore 139 

Fossiliferous hematite 

Birmingham District 145 

Foul gas 

cooling of 115 

flow out of coke ovens 115 

shock cooling of 115 

temperature leaving coke oven. 115 
Foundations 

primary-mill 476 

Foundry coke 90 

Foundry melting furnaces 

types of 366 

Foundry molds (see “Molds”) 
Foundry pig iron 

composition ranges 221 

production, annual 220 

Fountain 

bottom pouring steel 317 

4A Charcoal tin plate 

coating weight of 636 

Four-draft wire 

dry drawing of 698 

Four-high rolling mills 

backing-up rolls for 420 

cold-reduction mills 602-607 

hot-strip mill use of... 583, 587, 591 

plate-mill applications. .505, 509-513 

principle of 420 

reversing plate mills. . . .505, 509-513 

temper rolling in. 633 

working rolls for 429 

Four-pass stoves 

blast-furnace 233 

Fourier’s Low 35 

Fractional distillation 

light oil 727 

tar acids 130 

tnr refining 132 

Fracture testing 

wrought iron 218 

Fracture-transition temperature 

impact testing 907-908 

Fractures 

cleavage mode 907 

shear mode 907 

Frames 


wire-drawing (see “Wire- 
drawing frames”) 

France 

iron-ore production 141 


9n 


iron-ore reserves 140 

iron ores 140, 141, 142 

Francium 

atomic number 8 

atomic weight 8 

symbol 8 

Free ammonia * 117 

Free ammonium salts 
ammonia liquor constituents... 113 

Free electrons 39 

Free-gas space 

coke ovens 108 

Free leg 

ammonia still 117 

Free length 

wire compression springs 720 

Freezing 

definition 16 

metals (see “Solidification”) 

Freight-car wheels 568 

French Morocco 

iron-ore reserves 140 

iron ores 142 

French West and Equatorial 
Africa 

iron-ore reserves 140 

Freon 

coolant for Impact specimens.. 905 
Frequency 

alternating current 46 

Frequency changers 

principles of 49 

Fretz-Moon tube mill 

principle of 424 

Friction 

internal definition 17 

rolls exert frictional force on 

work piece 389 

Friction sawing 

bars 551, 552 

Fritting 

acid open-hearth bottom 300 

Front roller tables 

blooming-miU 472 

Front walls 

open-hearth 200, 297, 298, 

299, 301, 303 

Frost-flower pattern 

galvanized coatings 663, 669 

Froth flotation 

coal preparation 67, 68 

Fuel-air proportioning 86 

Fuel economy 80 

Fuel oils 

air-furnace fuels 381 

atomization 73 

blended 72 

Bunker “B” 73 

Bunker “C” 73 

cement-industry consumption 

of ! 179 

cetane number ' 73 

coal equivalent 84 

combustion 73 

consumption of 70, 84, 179 

distillate fuel oils 72 

enrichment of water gas with. . 75 

flame temperature 73 

grading 73 

heating value of Bunker “C”. . 73 

natural crude petroleum 72 

open-hearth fuel 303 

petroleum 72 

petroleum products 72 

portland-cement industry 

consumption of 179 

properties of 73 

raw petroleum 72 

residual 72 
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Fuels oils (eont.) 
theoretical flame temperature 
of Bunker 78 


Fuel ports 

open-hearth 804 

Fuels 

air-fumace 381 

annealing-furnace consumption 

of 416 

atomization 73 

aviation (see “Aviation fuels,” 
also “Motor fuel”) 
by-product fuels’ coal equiva- 
lents 84 

by-product fuels consump- 
tion 82, 84 

by-product fuels defined 51 

by-product gaseous fuels 78 

caloriflc value 53 

cement-industry consumption 

of 179 

dassifleation of 51 

combustible constituents 52 

consumption in terms of coal 

equivalent 80 

crucible melting furnaces 263 

cupola 381 

definition 51 

economics of utilization 80 

fuel oil (see “Fuel oil”) 
gaseous (see “Gaseous fuels”) 

gross heating value 53 

heat-treating furnaces 413 

heating-furnace consumption 

of 411 

heating value of 53 

historical 51 

importance of 51 

liquid (see “Liquid fuels”) 

manufactured 51 

motor (see “Motor fuel”) 

natural 51 

net heating value 53 

open-hear^ 287, 303, 320 

pitch (see “Pitch”) 
pitch-tar mix (see “Pitch-tar 
mix”) 


portland-cement industry 

consumption of 179 

primary-fuel consumption. ...82, 84 

primary fuels defined 51 

proportioning with air 86 

reheating-furnace 411, 589 

secondary fuels defined 51 

soaking-pit 402, 406 

solid (see “Solid fuels’^ 

steel-plant utilization of 83 

tar (see “Tar”) 

Full annealing 

bars 560 

procedure for 813 

Full-blown heats 

acid-Bessemer process 275, 279 

ITumace additions (see also 
“Addition agents”) 
acid electric-arc furnace 

process 356 

acid open-hearth 331 

basic electric-arc furnace 

process 353 

basic open-hearth 328 

deoxidizers 393, 394 

killed-steel practice 397 

semildlled-steel manufacture. . 897 
Furnace pressure 

refractory life affected by 190 

Fumace-weld process 
pipe manufacture .726*782 


Furnaces 

air (see “Air furnaces”) 


American Bloomery 208 

annealing (see also “Annealing 

furnaces”) 401, 415, 416, 

417, 418, 4X9 

arc-type (see “£lectric-arc 
furnaces”) 

atmosphere control in. 414 

balUng 213 

bar 594 

bar-heating for sheet mills 595 

bauemofen 208 

beU-type 415, 565, 567 

billet-heating (see “Reheating 


furnaces”) 

blasofen 208 

blast (see “Blast furnaces”) 

blau furnace 208 

blauofen 208 

bloom-heating (see “Reheating 
furnaces”) 

bloomery 208 

blue 208 

box -type 415 

butt-welding 727 

car-bottom 415, 565, 567 

carburizing 416, 417 

Catalan hearths 207 

continuous heat-treating... 566, 567 

continuous-strand type 419 

continuous-type de^ed 417 

controlled-atmosphere 414 

controUed-cooling types 502 

convection-type 413, 416 

conveyors for 417 

crucible (see “Crucible fur- 
naces”) 

Banks 215 

direct-flred 413 

direct resistance, electric 334 

electric 334-358, 413 

4^ectric direct-resistance type.. 334 

electric indirect-resistance 

type 334 

electric melting 334-358 

electric reduction 337 

electric-resistance type 334 

elevator type 415 

Ely 215 

flussofen 209 

fuels for 413 

galvanizing-line 672 

hand puddling 211 


haut foumeaux 209 

heat flow through walls 190 


heat-treating (see “Heat- 
treating furnaces”) 
heating (see “Heating furnaces,” 
also “Reheating furnaces”) 
Hibbards 215 


high 209 

high bloomery 208 

hillside 207 

hochofen 209 

indirect-flred 413 

indirect-resistance type 

electric 384 

induction (see “Induction 
furnaces”) 

lead-bath 416 

loup 208 

luppenofen 208 

mechanical puddling 215 


melting, electric ,...334-358 

muffle-t 3 rpe 412, 413, 415 

normaUzing 401, 416, 417, 516 

old high bloomiary 208 


openrhearth (see “Open-hearth 
furnaces”) 

Osmund 208 

overhead-monorail type 419 

pack 596 

pair 594 

pit-type 416 

pot-type 416 

pressure control in 87 

primitive 206-209 

puddling 210-213, 215 

pusher-type 417 

radiant-tube heating of 413 

reduction, electric ^7 

reheating (see “Reheating 
furnaces”) 

resistance-type electric 334 

reverberatory 210, 211, 296, 381 

Roe 215 

roller-hearth 417, 566, 567 

rotary-hearth 417 

salamander 208 

salt-bath 416 

sealing of .....86, 88 

8 haft-t 3 n:>e 207, 209 

sheet-bar heating 595 

slab-heating (see also “Re- 
heating furnaces”) ..507, 509-514, 


519-520 

slag-melting 216 

smelting (see “Smelting 
furnaces”) 

soaking pit (see “Soaking pits”) 
South Wales process 210 


steelmaking (see “Acid open- 
hearth furnaces,” also “Acid 
electric-arc furnaces,” also 
“Basic electric-arc furnaces,” 
also “Crucible furnaces,” also 
“Induction furnaces,” also 
“Open-hearth furnaces”) 


stuckofen 208 

tempering (see “Tempering 
furnaces”) 

tower-type 419 

tunnel-type 418 

walking-beam type 417 

Walloon hearth 209 

wolf 208 

wolf oven 208 

wrought-iron producing ,.,.206-209 

wulf’s oven 208 

Fusain 

characteristics of 63 

Fused alumina 

refractory raw material 181 

Fused mullite 

electrocast 184 

Fusion 

difinition 16 

heat of (see “Heat of fusion”) 


Fusion temperature 

refractories 186 

Fusion-welded pipe (see 
“Electric-welded pipe”) 

Fusion zone 

blast-furnace 254 


Gadolinium 

atomic number 8 

atomic weight 6 

symbol 8 

Gag presses 

rail straightening in 528 

structural-mill 533 , 538 

Gage len^h 

elongation measurements 891 

Gage nunjibers 

hoops 930-931 



979 


Gage numbers (cant) 

long ternes 932 

sheets 928, 929, 930-931 

signlheance of 928 

thickness relation to 928 

wire 676, 677, 930-931 

Gages 

definition 928 

galvanized-^eet 928, 930-931 

hoop 928, 930-931, 932 

long-teme 928, 932 

origins of 928 

relationships between 930-931 

sheet 928, 930-931 

tin plate 928, 930-931 

wire 676, 677, 928, 930-932 

Gaggers 

mold reinforcement by 370 

Gaging 

pipe-coupling threads 780 

pipe threads 780 

Galaxite 

manganous oxide-alumina- 

silica system component 196 

Gallium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Galvanic anodes 

definition 619 

Galvanic corrosion 

mechanism of 616 

Galvanized flat sheets 661 

Galvanized formed roofing and 

siding 661 

Galvanized pipe 

chromate treatment for 786 

corrosion resistance of 787 

production methods for.... 786, 787 

wiping 787 

Galvanized Sheet Gage 

basis for 929 

tabulation 930-931 

Galvanized sheets 

beading test for 672 

bend test for coating 

adherence 672 

bonderizing of 666 

capped steels for 666 

coating classes 661 

coating- weight test 672 

coating weights 660, 661 

commercial coating class 661 

commercial quality 661 

corrosion resistance 660 

corrugated 662 

corrugated roll roofing 662 

cupping tests for 672 

drawing quality 662 

equipment for producing. . .668, 669 

extra-smooth 662, 666 

flat 661 

formed roofing and siding 661 

frost-flower pattern on 663, 669 

gage numbers 661 

gages for .....928, 930-931 

hardness test for base metal of. 672 

high-strength steels for 666 

killed steels for 662, 666 

light commercial coating class. 661 

lode-forming quality 662 

lockseam test for 672 

metallographic examination of 

base metal 672 

mill treatment of steels for.... 666 

Olsen cup test for 672 

production methods for 660-672 
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rimmed steels for 662, 666 

roll roofing 6$2 

roofing 661, 662 

siding 661, 662 

spangles on 663, 669 

special finishes for 666 

specialty products 662 

specifications for 661 

steels for 682, 666 

tension test for base metal of. . 672 

tests for 672 

thickness equivalents 661 

uses for 660 

V -crimped roofing 662 

weight related to gage 661 

wet storage stain on 668 

Galvanized strip 

bonderizing of 666 

cooling tower for 672 

extra -smooth finish 666 

production methods for 660-672 

special finishes for 666 

Galvanized wire 

advantages of 707 

antimony hydrochloride test 

for 711 

bridge wire 723 

button test for 710 

coiling after coating 709 

cooling after coating 709 

copper sulphate test for 711 

corrosion re.sistance 707 

electrogalvanizing to produce 
(see “Wire electrogalvaniz- 
ing”) 

headers for 709 

mandrel test for 710 

Preece test for 711 

production of (see “Wire 
Galvanizing”) 

quality of coating 709 

structure of coating 709 

te.sting 710 

uses for 713 

wipes for 709 

wiping 708 

Galvanizing 

advantages for pipe 787 

advantages for wire 707 

alloy layer formed in. ..662, 663-665 
aluminum in speller.... 663, 664, 666 

antimony in spelter 666 

bridge wire 723 

cadmium in spelter. 666 

cleanliness required of base 
metal 662 


continuous process for pipe. . . . 786 

cooling sheets after 668, 669 

dross formed in 666 

electrolytic pickling of sheets 

for 668 

embrittlement of steel during., 825 
equipment for sheet- 

galvanizing 668, 669 

flux for 668, 786 

iron-zinc intermetallic 
compounds formed in. 662, 663-665 

lead in speller 666 

metallurgical features of 662 

methods for pipe 786, 787 

mill treatment of steel prior to, 666 
operations sequence in sheet- 


galvanizing 668 

pickling sheets for 668 

pipe .4786, 787 

power consumption in 443 

preparation of steel for 662 

principles of hot-dip 662 

sal ammoniac as flux VSS 


sheet (see “Sheet galvanizing*’) 
shot blasting in preparation 


for 601 

spelter compositions for 666 

spelter impurities 664, 666 

steels for 662, 666, 667 

tin in spelter 6^ 

wire (see ‘‘Wire galvanizing”) 

zinc consumed annually in 660 

zinc-iron intermetallic com- 
pounds formed in 662, 663-665 

Galvanizing embrittlement 

aging as cause of 825 

Galvanizing pot 

continuous (strip) galvanizing. 672 

sheet galvanizing 668 

Galvannenlfd sheets 

characteristics of 663, 666 

production method for 666 

Gambrel joint 662 

Gamma iron 

crystallographic form 789 

Gamma picoline 

tar constituent 132 

Gamma rays 

nondestructive test methods 

employing 926, 927 

steel castings examined by .373, 377 
Gangue 

Catalan process 207 

definition 139 

hematite-ore 223 

Canister 

chemical composition 182 

electric-arc furnace use of 340 

occurrence 180 

silica in 180 

steel foundry use in molding.. 367 
Gantry lift roof 

electric-arc furnace 341 

Garrett mills 

principle of 422 

wire rod 


roUing 675, 678, 680, 681, 682 


Gas 

blast-furnace (see ’'Blast- 
furnace gas”) 

bottled 75 

ca.singhead 75 

coke-oven (see “Coke-oven 
gas”) 

foul (see “Foul gas”) 
fuel (see “Gaseous fuels”) 

liquefied petroleum 75 

natural (see “Natural gas”) 
oil (see “Oil gas”) 

sour 75 

water (see “Water gas'*) 

Gas calorimeters 

principle of 53 

Gas carburizing 

principles of 814 


Gas cleaning 
blast-furnace (see “Blast 
furnace gas”) 

Gas-cleaning plants 

blast-furnace auxiliaries 235 

Gas collecting systems 

coke ovens 93, 105, 112, 115 

Gas engines 

blast-furnace gas as fuel. ...... 441 

Gas laws 

applications of 64 

Gas mains 

blast-furnace plant 235 

coke oven 112 

pressure control in coke ovens. 112 
Gas pockets 

Quenching phenomenon .... 4 .. 811 
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Gas port 

open hearth 303 

Gas producers 

air-and -steam blown 76 

air-blown 76 

blast-furnaces as 78 

blowers for 77 

charging 76, 77 

chemical reactions in 76 

construction details 76 

control of 76 

efficiency 76 

endothermic reactions in 76 

exothermic reactions in 76 

gasification rate 77 

historical 287 

mechanical features 76 

steam with air for blowing.... 76 
water gas (see “Water-gas 
producers**) 

Gas run 

water-gas producers 78 

Gaseous fuels 

air required for combustion.. 53, 57 
blast-furnace gas (sec “Blast- 
furnace gas**) 

burners for 80, 304 

butane (see “Butane**) 

by-product 52 

calculation of heating value. ... 54 
carburetted water gas (see 
“Carburetted water gas**) 
cement-industry consumption 

of 179 

coal equivalents 84 

coke-oven gas (see “Coke-oven 


gas**) 

combustion characteristics.... 79, 80 

combustion constants 53, 57 

combustion products of... 53, 57, 81 

consumption 84 

flue products of combustion.. 53, 57 

heat of combustion 53 

heat-treating furnaces 413 

heating value calculation 54 

Lurgi process for producing .... 78 

manufactured 52, 75-78 

metering at coke ovens 112 

molecular weights 53 

natural 52 


natural gas (see “Natural gas”) 
oil gas (see “Oil gas") 

open-hearth 287, 303, 304, 305 

oxygen required for combus- 
tion 53 

portland-cement industry con- 
sumption of 179 

preheating for combustion. . .87, 303 
products of combustion... 53, 57, 81 
propane (see “Propane’*) 

properties of typical 81 

reformed natural gas (see 
“Reformed natural gas**) 

soaking-plt use of 402 

ig>ecial processes for 

producing 78 

specific gravities 53 

steel-industry applications .... 79 

Utilization 74, 80 

Winkler process for producing. 78 


Gases 


Avogadro*s principle 19 

blowholes in ingots caused 

by 393, 394 

carbon monoxide evolved in 

cooling molten steel 393, 394 

characteristics of 16 

cleaning 239 

codee-oven effluents 113 


combustion constants 53 

combustion of (see “Gaseous 
fuels**) 

compressibility 16 

controlled-atmosphere (see 
“Controlled atmospheres**) 

converter emissions 277, 278 

dust removal from 225 

elemental 19 

evolved from coal during 

cokii^ 113 

expulsion as molten steel 

solidifies 393, 394 

fixed (see “Fixed gases”) 

flammability limits 56, 58 

flue dust removal from 225 

fuel (see “Gaseous fuels”) 

hydrogen, properties of 29 

ideal, volume-pressure 
relationship 55 


manufactured (see “Bottled 
gases,*’ also “Oil gas,” also 
“Producer gas,” also “Special 
gas processes,** and “Water 
gas”) 

molecular weight, volume 


occupied by 19 

molecules of 19 

nitrogen 30 

normal pressure and tempera- 
ture 17 

oxygen 28 

products of combustion 53 

properties of 16, 19 

relative volumes 28 

saturated 53 

suppression of evolution in 

solidifying steel 393, 394 

specific heat of 54 

volume occupied by molecular 

weight of 19 

volume-pressure relationships. 16 
volume relationships in 

reactions 28 

Gasification 

continuous gasification of 

solid fuels 78 

solid fuels 75-78 

Gasoline 

casinghead 75 

octane number 73 

petroleum product 72 

Reid vapor pressure 73 

Gate tUe 371 

Gates 

foundry mold 370, 372 

removal from castings 373, 376 

runner 237 

Gating 

molds for steel-base rolls 435 

Gauss 

definition 37 

Gehlenite 

lime-alumina-sillca system 

component 193 

Generators 

alternating-current 46 

capacity of modem 441 

gas-en^ne driven 441 

steam-turbine driven 441 

(geologic time divisions 60 

Geology 

coal-bearing strata, Western 

Pennsylvania 66 

Iron pres 141, 142 

petroleum 70-72 

structures associated with 

petroleum 71 

tin ores 681 


Georgia 

iron ores 142 

Geosyncline 153 

Germanium 

atomic number g 

atomic weight 8 

melting point 8 

symbol S 

Germany 

iron-ore production 141 

iron-ore reserves 140 

iron ores 142 

Giant molecules 7 

Gilsonite 

ingot-mold coating 390 

Girder rails 524, 527, 529 

Glass 

hot-extrusion 

lubricant 770, 771, 775 

Glass sand 

slags for 175 

Goethite 

chemical formula 139 

iron ore ....139 

Gogebic iron-ore range 

extent 155 

geology 155 

location 153, 155 

mine depths 165 

ore types 155 

origin of ores 1.55 

Pabst fragmental formation... 1.55 

Palms quartzite 155 

production 155 

quartz slates 155 

Tyler slates 155 

Gold 

alloys with silver 24 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Gold-silver alloys 

phase diagrams 24 

Goodrich quartzite 

Marquette range 153 

Gooseneck 

blast-furnace 226, 227 

converter 271 

steel-ladle rigging 316 

Gorge 

Mannesmann piercing 

machine 741 

Gothic passes 

bar-mill 546 

rolling-mill rolls 432, 546 

Grade 

coal grade defined 63 

Grading 

iron ores 170 

Graham tapered-bar test 

principle of 925 

Grain boundaries 

corrosion in 866 

Grain coarsening 

factors influencing 796 

Grain growth 

alloy tool steels 839 

high-speed steel 839 

hot-strip-mill products 594 

inhibiting factors 794, 796 

strain related to 704 

Grain-iron rolls 

plate-mill 508, 519 

rod mills 683 

roUing-mUl ...438, 508, 519, 532, 683 
structural-mill 332 
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Grain orientation 

hot working iniluence on 820 

magnetic properties afiected 

by 850 

rolling influence on 820 

Grain-oriented steels 

electrical sheets of 848, 850 

Grain size 

addition agents for control..... 202 
austenitic (see **Austenite 
grain size**) 

austenitizing temperature 

influences 796 

carbon-steel properties 

related to 816, 819 

determination 795, 796 

flnishing temperature related 

to 821 

hardenability influenced by. 830, 831 

heat-resisting steels 873 

hot working influence on. . .387, 794 
mechanical properties 

related to 816, 819 

stainless steels 864 

steel properties influenced by.. 795 

structural grain size 704 

temperature influence on 791 

transformation rate related to.. 804 

wire 702 

wrought-iron matrix 218 

Grains 

characteristics of 11, 56, 385 

definition 385 

etchants for revealing bound- 
aries of 788 

growth after hot working 386 

Gram equivalent 

deflnition 23 

Gram-molecular volume 

definition 19 

Granite Mountain deposits 

iron ore 149 

Granular refractories 

burned dolomite 182, 184 

burned magnesite 182 

chrome ore 184 

clays 184 

dolomite 184 

fired products 184 

open-hearth furnace applica- 
tions 200 

raw materials for 184 

raw-state uses 184 

single-buzned dolomite 184 

uses for 184 

Granulated slags 

processing of 174 

uses 175 

Granulating 

slag 242 

Graphite 

addition agent 203 

crucibles made from 262 

expulsion from pig iron 251 

ingot-mold coating 396 

kish constituent 251 

mold coating 493 

pig iron expulsion of 251 

refractory characteristics 181 

specifle gravity 29 

steel constituent 791 

Graphite electrodes 

electric-arc furnace 243 

Graphitization 

cduminum influence on 381, 825 

chromium influence on. . * 880 

copper influence on 380 

heat-resisting steels 875 

Iron castings 878 


nickel influence on... 380 

silicon influence on 378 

titanium influence on 381 

vanadium influence on 381 

Grate 

puddling furnaces 211 

Gravity 

specifle (see “Specific gravity**) 
Gravity-discharge larry 

coke oven 106 

Gravity separation 

coal 67 

Gray forge iron 

composition rai>ges 221 

Gray iron castings 
manganese-sulphur ratio for. . . 379 

metal compositions for 382, 383 

silicon as “softener** 378 

Gray rolling mills 

principle of .421, 422 

Great Britain 

iron-ore production 141 

Green furnace 

direct-arc electric 335 

Green sand castings 

steel foundry 371 

Green sand molds 

iron casting 384 

Greenalite 

iron mineral 141 

Grinding 

bars 552, 557 

Portland cement 179 

refractory raw materials 183 

semifinished steel 498 

Grips 

ten.sion-test machine 886 

Grit blasting (see also “Shot 
blasting**) 

bars 555 

Grit-blasting test 

bars 557 

Grooved rails 524, 527 

Gross heating value 

fuels, deflnition 53 

Ground coat 

vitreous-enamel 627 

Ground mass 

bituminous coal 63 

Ground Open Hearth Basic Slag 

soil conditioner 177 

Ground waters 

iron ores concentrated by. . .141, 143 
Groups 

space groups in crystals 12 

Growth 

iron castings 878 

Grunerite 

iron mineral 141 


G.S.G. (See “Galvanized Sheet 


Gage**) 

Guard rails 524, 527 


Guards 

rolling mill 428 

Guide mills (see *‘Bar mills**) 


Guide passes 
rolling-mill rolls 
Guide rounds 
roll passes for... 
Guides 

coke 


432 

546 

110 


galvanizing-pot for sheets..... 668 

rod-miU 883 

rolling-mill 428, 433, 683 

tinnlng-machine 634, 635 


Guillery test 

principle of - 824 


Gun flues 
coke ovens 


J7, 100 


Gun iron 88S 

Gun-metal finish 625 

Gunflint iron-ore range 

location 152 

Gunite 383 

Gypsum 


portland-cemcnt raw material. 178 


H factor 

severity of quench expressed 


by 806 

H-steels 

deflnition 838 

Hadfleld manganese steel 

castings of, composition 868 

composition 31, 368 

manganese function 835 

Hafnium 

atomic number 8 

atomic weight 8 

symbol 8 

Halberger-Beth filters 
blast-f umace-gas cleaning .... 236 
Half -oval bars 

roll passes for 548. 550 

Half-round bars 

roll passes for 548, 550 

Hammering 

methods of 387 

Hammers 

axle-forging 578 

forging 387, 578 

steam 387 

tilt 387 

Hand bar mills (see “Bar mills**) 
Hand chipping 

semifinished steel 486 

Hand drawing 

beehive coke ovens 83 

Hand hot mills 

bearings f or 595 

chilled-iron rolls for 595, 596 

finishing stands for 596 

historic^ development 594 

housings for 595 

roll-positioning in 595 

rolls for finishing stands 595 

rolls for roughing stands 595 

roughing stands 595 

screws for roll positioning.... 595 

tables for finishing mills 596 

three-high 594-596 

two-high 594-586 

Hand molding 

refractories 183 


Hand puddling furnaces (see 
“Dry puddling process,** also 
“Pig-boiling process,** also 
“Puddling furnaces**) 

Hand puddling processes (see 
“Dry puddling process/* also 
“Pig-boiling process,’* also 
“Puddling process’*) 


Hand rounds 

roll passes for 432, 546 

Hand scarfing 

semifinished steel 498 

Hand shanking 

deflnition 832 

Hand square passes 

rolling-mill rolls 432 

Hanger cracks 

ingot phenomenon 354, 493 

Hanging 

blast-furnace 248 


ingot cracking related to... 354, 493 


Hard-burned sinter 
cause of 148 
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Hard-drawn tubing 


quality control by 

.... 896 

mechanical equivalent of..., 

.35, 44 

surface characteristics 

. 766 

rebound principle for 

.... 901 

nature of 

.. 33 

Hard -drawn wire 


Hockwcll hardness test 


radiation of 

36, 59 

dry drawing of. 

. 698 

for 

.898-900 

recovery 

» . 85 

Hard temper 


Scleroscope for 

.... 901 

recuperators for recovering. 

.. 87 

wire 

. 677 

Shore scleroscope for 

.... 901 

reflection 

.. 36 

Hardenability 


significance of 

.902, 904 

regenerators for recovering. 

.. 87 

AlSl alloy steels 

. 826 

Telebrineller for 

.... 902 

requirement per ton of steel 


austenite grain size influence. . 

. 795 

Tukon tester for 

.... 902 

heated in heating furnaces. 

.. 400 

boron effect on 

. 830 

Vickers hardness test 

.900, 901 

sensible (see “Sensible heat”) 

critical cooling rate related 


Hartmann lines 


specific (see “Specific heat”) 


to 

. 806 

yield point phenomenon. . . . 

.... 889 

transfer by conduction 

.. 35 

cylinder-series method 


Hatfield rail joint 

.... 529 

transfer by convection 

.. 35 

for determining 806-807 

Haulage rope 


transfer by radiation 

.. 36 

definition 

. 806 

construction of 

.... 719 

utilization in steel plants.... 

.. 82 

depth of hardening 

. 806 

Haulage systems 


waste-heat recovery (see 


end-quench test for deter- 


iron-ore mining ...158, 160, 

161, 165 

“Waste-heat recovery”) 

• 


mining 806-807 

grain size influence on 830, 831 

heat treatment related to. . . .808-809 

intensifiers 203 

measurement of 806-808 

multiplying factor principle 

for 826 

residual elements affect 825 

stainless steels 863 

transformation rates related 

to 806 

Kardenability bands 

significance of 838 

Hardenability intensiflers 

boron 203 

ferroalloys 203 

Hardening 

critical cooling rate for 806 

depth of 806 

flame (see “Flame hardening”) 
furnaces for heat- 
ing for 412, 415, 416, 417 

heating for 412. 415, 416, 417 

rail ends 529 

secondary 832-834 

steel castings by quenching — 374 
strain (see “Strain hardening”) 
wire by heat treatment. 701, 706, 707 
Hardness 

aging increases 822, S23 

conversion tables 902, 903 

definition of .17, 895, 896 

determinotion of (see “Hardness 
testing”) 

high-temperature tests for. .919, 920 

hot 919, 920 

mechanical properties related 

to 896 

temper rolling black plate to 

increase 633 

Hardness conversion 

tables for 902, 903 

Hardness testing 

anvil effect in 896, 898 

Brinell meter for 902 

Brincll test for 896-898 

cloudburst tester for 902 

conversion tables 902, 903 

diamond-pyramid hardness 

test 900, 901 

edge effects in... 897 

ffle-hardness determination ... 901 
galvanized -sheet base metal — 672 
high-temperature tests for. 919, 920 

Indenters used in 902 

iron castings 384 

Knoop indenter for..,. 902 

methods for 896-904 

microcharacter for 902 

mictohardness tests 902 

Monotron hardness test 901, 902 

Penetrascope for 901 


Head-contact short-toe joint 

bars 530 

Head-free short- toe joint bars... 530 
Headers 

wire-galvanizing process 709 

Heads 

stopper 316 

wire-straightening 700 

Headspace 

tin cans after filling 651 

Heap sand 

steel foundry use of 371 

Hearth area 

open-hearth production rate 

related to 821 

Hearth -jacket plate 

blast-furnace 227 

Hearth reactions 

blast-furnace 254-255 

Hearths 

acid open-hearth (see “Acid- 
open-hearth furnaces”) 

American bloomcry (see 
“American bloornery”) 

basic open-hearth 200, 298 

blast-furnace 223, 225, 226 

butt-welding furnace 728 

Catalan (see “Catalan process”) 

heating-furnace 399 

heat-treating furnaces 399 

Lancashire process 210 

open-hearth 200, 296, 298 

puddling furnaces 210, 211 

reheating furnace 201, 407 

smelting (see “Smelting fur- 
naces”) 

soaking-pit 399 

South Wales process 210 

Walloon process 209 

Heat 

absorption of 36, 59, 400 

absorptivity 59 

calorimetry 53 

capacity 17 

chemical effects 23 

coal decomposition by 113 

coefllcient of reflectivity....... 59 

conduction of 18, 35 

conservation in steel plants...* 85 

content (see “Heat content”) 

convection of 35 

efficiency of utilization 82 

electrical equivalence of...... 35, 44 

emissivity 59 

expansion by 17 

flow of (see “Heat flow”) 
generation by electric current. . 40 

insulation (see **Thernial inAiI» 
ation”) 

latent heat defined. 53 

losses 85 

measurement of 34 


wire-drawing generates ....... 695 

Heat- and corrosion-resistant 
iron castings (see “Alloyed 
iron castings”) 

Heat- and corrosion-resistant 
steel castings 

application of 374 

casting methods 375 

cleaning 376 

compositions 374, 375 

finishing operations on 376 

gamma ray inspection of 377 

gate removal from 376 

heat treatment of 376 

investment molding 377 

lost wax process for 377 

melting practices for 374, 375 

molds for 375 

nondestructive testing of 377 

precision casting of 377 

riser removal from 376 

sampling 376 

test coupons 376 

test lugs 376 

ultrasonic testing 377 

welding to repair defects 376 

X-ray inspection of 377 

Heat- and corrosion -resistant 
steels (see also “Heat- and cor- 
rosion-resistant steel castings,” 
also “Heat-resisting steels,” 
also “Stainless steels”) 
seamless tubes made from.. 739, 740 
Heat balance 

basic open-hearth 320, 321 

blast-furnace stoves 82 

open-hearth furnace ...85, 320, 321 
Heat capacity 

definition 17, 54 

refractories 190 

Heat conservation 

steel-plant facilities 85 

Heat content 

definition 54 

flue gases 86 

Heat flow 

conduction 35 

convection 35 

factors affecting flow through 

furnace walls 190 

measurement of conducted 

heat 35 

principles of 35 

radiation 36, 59 

Heat losses 

heating-furnace 400, 411 

reheating-furnace 400, 411 

steel-plant facilities 85 

Beat of combustion 

fuel gases 53 

53 
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Heat of evaporation 

definition 16 

Heat of formation 

carbon dioxide 250 

carbon monoxide 250 

definition 20 

ferric oxide 250 

ferrosoferric oxide 250 

ferrous oxide 250, 277 

hydrocyanic acid 251 

iron oxides 250 

manganese oxides 250, 251 

manganous oxide 277 

phosphorus pcntoxide 251 

potassium carbonate 251 

silica 251, 277 

water 251 

Heat of fusion 

definition 16, 34 

Heat of reaction 

carbon dioxide 277 

carbon monoxide 277 

definition 20 

iron carbide 277 

Heat of transformation 

definition 34 

Heat of vaporization 

definition 34 

Heat recovery 

beehive coke ovens 91 

heating-furnace auxiliaries 
for 401 


recuperators for (see “Recuper- 
ators”) 

regenerators for (see “Regener- 
ators") 

steel -plant facilities 85 

Heat-resistant steel castings (see 
“Heat- and corrosion resistant 


steel castings”) 

Heat-resisting steels 

aging in 875 

alloying elements affect 

creep streng^ of 872, 873 

carbide instability 875 

castings of (see “Heat- and 
corrosion -resistant steel 
castings”) 

classification of 872 

compositions 855 

cold working aJffects creep 

strength 873 

corrosion resistance of 876-880 

creep strength related to com- 
position 872 

density of 829 

deoxidation practices affect 

creep strength 875 

elevated-temperature pro- 
perties of 920-922 

embrittlement of 875, 876 

external stability *...876-880 

grain size 873 

graphitization in 875 

heat treatment of 872 

historical development 854 

internal stability of 875, 876 

microstructure related 

to properties 872, 873, 876 

modulus of elasticity 880 

scaling of 876-880 

spheroidization in 875 

steelmaking practices 
related to creep strength.. 873, 875 

strain aging of 875 

surface stability 876-880 

temper brittleness 876 

thermal conductivity 879, 880 

thermal expansion 879, 880 


Heat-setting mortars 

constituents of 185 

Heat time 

basic open-hearth 313 

duplex processes 361, 363 

Heat transfer (see “Heat flow”) 
Heat-treating furnaces 
annealing cycle in bell-type. ... 4.16 

auxiliaries for 412 

axle-works 582 

bar-mill 563 

batch-type 415 

bell-type 415 

box type 415 

capacity 399 

car-bottom t3T3e 415, 565, 567 

characteristics of 810 

continuous-strand type 419 

continuous types 417 

controlled -atmosphere 401, 414 

controlled atmospheres for. 416, 810 

controlled cooling in 502 

convection- type 413, 415, 416 

conveyors for 417 

design requirements 412 

direct-fired 413 

electric 413 

elevator type 415 

fuel consumption in annealing. 416 

fuels for 413 

function of 399 

gas-fired 413 

hearth area 399 

heat transfer in 412, 413 

healing methods for 412, 413 

indirect-fired 413 

induction -heated 412, 413 

lead-batli 416 

loading methods 564, 565 

muflle-type 412, 413, 415 

muffles for 401 

overhead-monorail type 419 

pit-type 416 

plate-mill 509, 513, 516 

pot-type 416 

pusher-type 417 

radiant-tube-fired 413 

radiant-type burners for 412 

requirements of 563-565 

roller-hearth type 417, 565, 567 

rotary -hearth 417 

salt-bath type 416 

temperature control in 563, 564 

tempering type 566, 567 

tower-type 419 

tunnel-type 418 

types of 412 

walking-beam type 417 

Heat treatment 

AISI alloy steels 826-835 

alloy -steel rolls 436 

alloy tool steels.. 839 

austenite grain size 

effects 794, 795 

austenitizing for 810 

axles 578, 582 

bars .560-567 

black plate 833 

carbon steels 822 

carburized parts 815 

castings 376 

cold -drawn 

tubes 762, 763, 765, 766 

controlled -atmosphere .....810, 839 

controlled -cooling practices ... 502 
eutectoid steels ...793, 794 


furnaces for (see **Heat-treat- 
ing furnaces”) ' 

grain growth related to strain. . 7D4 


hardenability related to 808-809 

heat- and corrosion-resistant 

steel castings 876 

heat-resisting steels 376, 872 

heating practices for 810 

heating rates for 810 

high-speed steel 839 

hypereutectoid steels 794 

hypoeutectoid steels 793 

importance of 788 

iron castings, malleable 383 

isothermal transformation. . .797-804 

malleable castings 383 

metallography related to 788-806 

plasticity restored to cold- 

worked steel by 390 

principles of 788-815 

procedures for 810-814 

quenching and tempering 810 

rail-end hardening 529 

scarfing effects eliminated by.. 498 
Beamless tubes. 748, 7G2. 763, 765, 766 

semifinished steel 498, 501, 502 

special wires 698 

stainless steels 861, 862, 863-865 

steel-base rolls 436 

steel castings 373, 374, 376 

Btiain related to grain growth 

during 704 

transformation 

during 792-794, 797-806 

wheels 569, 577 

wire 677, 678, 698, 701-707 

wire temper controlled by.. 677, 678 
Heating 

axle blooms 578 

billets for extru.sion 772-774 

blooms for rolling shapes. .532, 533 

coke ovens 93 

dielectric 371 

induction methods 334 

ingots (see “Soaking pits”) 

pickling-line tanks 5.59 

pickling solutions 554 

rates for 810 

sheet bars for rolling 595 

slabs for hot-strip mills 587, 589 

slabs for plate- 
rolling 503, 504, 507, 509- 

514, 519-520 

stainless steels for working 859 

steel for heat treatment 810 

steel for tempering 811 

transformation of steel 

during 793, 794 

wheel blanks for rolling 573 

wheel blocks for forgmg 570 

Heating chambers 

coke ovens 93, 95 

flues in coke-oven 93 


Heating furnaces (sec also “Heat- 
treating furnaces,” also 
“Reheating furnaces,” also 
“Soaking pits”) 

bar furnaces 594 


barrel-type 

basic elements of 

batch-type 

billet-heating 

bloom-heating 

capacity 

car-bottom t3T>c 

combustion control 

construction of 

continuous 

flue temperatures 

flywheel effect due to heat 

storage 

fuel consumption 


410, 411 
.... 399 
.... 399 
.... 400 
.... 400 
.399, 411 
.... 400 
.... 411 
.399-419 
.... 399 
.... 401 

.... 401 
.... 4U 
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Heating fumacei (cont) 

function of 899 

hearth area 399 

heat losses in 400, 411 

heat recovery 401 

heat requirements per ton of 

heated product 400 

heat sources for 399 

heating capacities 411 

hot-strip mill 589 

in-and-out type 399 

insulating firebrick in 401 

insulation of 401, 411 

materials of construction 401 

operating statistics 411 

operation of 399-419 

pack-heating 596 

pair furnaces 594 

plate-mill 507, 509-514, 519-520 

refractories for 201, 401 

regenerators for 401 

roller-hearth t3rpe 399 

rotary-hearth type 407 

scaling of steel in 414 

sheet-bar heating 595 

size description 399 

skelp heating 727. 728. 732-734 

skid-hearth type 399 

slab-heating 400 

sloped-hcarth type 407 

structural mills 532, 533 

super duty firebrick for 401 

temperatures attained in 401 

thermal efficiency of 400, 411 

types of 399, 400 

water cooling for 401 

Heating rates 

heat-resisting alloy steels 400 

high-carbon steels 400 

low-carbon steels 400 

medium-carbon steels 400 

Heating systems 

coke ovens 100 

Heating value 

blast-fumacc gas 54, 79. 81 

Bunker *^0” fuel oil 73 

butane 81 

carburetted water gas 81 

coals 64 

coke-oven gas 79, 81 

gross (see **Gros8 heating value*’) 

natural gas 79, 81 

net (see “Net heating value”) 

oil gas 81 

pitch-tar mix 73 

producer gas 76, 77, 81 

propane 81 

reformed natural gas 81 

tar-redning re.sidue 133 

water gas 81 

Heavy burden 

blast-fiumace 256 

Heavy-coated manufacturing 

temes 659 

Heavy-gage tin plate 
tinning-machine modifications 

for 636 

Heavy solvents 

boiling range 127 

light-oil constituents 127, 131 

uses for 138 

Heavy-wall seamless tubes 

manufacture of 755 

Heel clearance 

chaser 779 

Helical Springs 

characteristics of 722 

HcUum 

atomic number 8 


atomic weight ................. 8 

boiling point 8 

symbol 8 

Hematite 

Birmingham District 145, 147 

chemical formula 139 

Clinton 139 

composition 139 

Cusruna range 157 

density of 139 

ferrous oxide-ferric oxide- 

silica system component 197 

fossillferous 145 

gangue content 223 

important deposits of 142 

iron content 139 

iron-ore constituent 139 

Marquette range 153 

Menominee range 154 

Mesabi range 156 

occurrence of 139 

odlidc 139, 145 

production, U. S 145 

red 139 

specific gravity 139 

specular 139 

Utah 151 

Vermilion range 156 

Hematite pig iron 223 

Hemimellitine 

light-oil constituent 123 

Hemp cores 

wire rope 719, 720 

Henry’s law 24, 325 

Heptane 

light-oil constituent 123 

Hcptyleno 

light-oil constituent 123 

Hercynite 

composition 192 

ferrous oxidc-alumina-silica 

system component 192 

Hering furnace 

electric reduction 337 

Heroult furnace 

direct-arc electric 335, 339 

Hexadiene 

light-oil constituent 123 

Hexagonal bars 

roll passes for 548, 549 

Hexagonal unit cells 12, 14 

Hexenes 

light-oil constituents 123 

Hexylene 

light-oil constituents 123 

Hibbard’s furnace 

mechanical puddling 215 

High-alumina brick 

apparent porosity 188 

bulk density 188 

chemical compositions 182 

cold strength 188 

deformation under load 188 

density 188 

heating-fumace-refractory .... 201 

hot-load resistance 188 

linear expansion 187 

modulus of rupture 188 

open-hearth furnace applica- 
tions 200 

physical properties 188 

pyrometric cone equivalent. ... 186 

raw materials for 181 

soaking-pit refractory 201 

softening range 190 

spalling resistance 188 

specific gravity 188 

thermal conductivity 190 

thermal properties 188 


true specific gravity 1S8 

High bloomery (see “Stuckofen”) 
High-carbon wires (see “Specif 


wires”) 

High-cycle electric grinders 

1^-mill use of 557 

High-density solutions 

coal preparation 6S 

High-density suspension process 

coal preparation 68 

High duty fireclay brick 

apparent porosity 188 

blast-furnace application ...... 199 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation under load 188 

density 188 

hot-load resistance 188 

hot-metal mixer applications.. 200 

modulus of rupture 188 

pyrometric cone equivalent. ... 186 

spalling resistance 188 

specific gravity 188 

true specific gravity 188 

High-duty wheels 568 

High-frequency coreless 
induction furnaces 

steclmaking 334, 335, 356 

High-lift blooming mills 

characteristics of 4G5 

High-low burners 

coke ovens 102 

High-phosphorus pig iron 223 

High-speed disintegrator 
blast-furnace gas cleaning in. . . 236 
High-speed tool steels 

characteristics of 838 

heat treatment of 839 

High-strength low-alloy steel 
(see “High-strength steels”) 
High-strength steels 

abrasion resistance 844 

applications of 846-847 

carbon content related to pro- 
perties of 845 

characteristics of 841-844 

coefficient of linear expansion.. 845 

compositions of 844 

copper content related to 

properties of 846 

corrosion resis- 
tance 842, 843. 845, 846 

endurance limit 845 

fabrication of 844 

fatigue resistance 844, 845, 846 

formability 843 

galvanized-sheet base 666 

historical development 841-842 

hot rolling of 846 

hot shortness 846 

manganese content related to 

properties of 845 

mechanical properties 845 

phosphorus content related to 

properties of 846 

properties of 842 

rolling of 846 

springback 843 

welding of 842, 844-846 

yield point of 842 

High-sulphur screw stock 

historical 675 

High-temperature coke 90 


High-temperature corrosion (see 
**Elevated-temperature cor- 
rodon”) 

Ifigh-temperature tension test 
ieehalquet for 913-915 
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High tensile steels (see 


**High-strength steels") 

Hillside furnaces 

iron smelting 207 

Hisingerite 

iron mineral 141 

Hoisting appliances 

blast-hirnace 229 

Hoisting rope 

construction of 719 

Hoists 

blast-furnace 229, 232, 244, 245 

Hokkaido iron ores 

geologic age of 142 

Holding table 

hot-strip mill 591 

Holes 

Hies for wire drawing 689 

Holmium 

atomic number 8 

atomic weight 8 

symbol 8 

Home scrap 

production of 204 

segregation of 205 

sources of 204 

types of 204 

Homestake limestone 

characteristics 150 

Honeycomb blowholes 
ingot structures exhibiting. .393, 394 
Homihu iron ores 

geologic age of 142 

Hoods 

electric-arc furnace 343 

Hook 

bar defect 557 

Hooke's Law 17, 888 

Hoop 

bar-mill product 558 

curled 558 

gages for *..928, 930-931, 932 

roll passes for 550 

rolling mills for 545 

size limitations 584 

straight-length 558 

Hoppers 

blast-furnace 229, 231 

larry car for coke oven 106 

Horizontal flues 

coke ovens 35 

Horizontal pot still 

tar-acid refining 136 

Horizontal wheel mills 

principle of 569 

Horizontal wires 

woven-wire fence 718 

Horn 

Mesabl iron-ore range 157 

welding 734 

Horn gates 

foundry mold 372 

Horsepower 

definition 33 


Hot beds 

bar-mill 551 

blllet-mill 492 

plate-mUl * 531 

Hot blast 

control 247 

conveyance into blast fxurnacc. . 227 

drying with 246 

function in blast furnace 225 


heat content of ^ 

historical W, 229 


requirements 

stoves for heating (see 
**Blast-ftimace stoves") 
temperature control . * . * • 


valves for controlling 234 

Hot-blast stoves (see "Blast- 
furnace stoves") 

Hot-blast valve 

blast-furnace stoves 234 

Hot coiling 

hot-strip-mill products 589 

Hot deep drawing 
principle of 389 


Hot-dip galvanizing (see also 
"Continuous g^vanizing," 
also "Galvanizing") 
wire (see "Wire galvanizing") 
Hot-dip processes (see also "Con- 
tinuous galvanizing," also 
"Galvanizing,” also "Hot-dip 
tinning,” also "Hot-dipped 
tin plate," also "Long temes," 
also "Terne plate") 
aluminum coating of wire by. * 711 


long tcrnes made by 656 

metals applied by 622 

Hot-dip tinning 

branner 634, 635 

electrolytic pickling for 634 

equipment for 634 

feeders for 634, 635 

flux for 635 

palm-oil temperature in 635 

pickling practice 633, 634 

piler 634, 635 

Poole feeder for .634, 635 

pot yield in 635, 636 

power consumption in 443 

stacks for 634 

tin-house arrangement 634 

tin pot for 634, 635 

tin-pot temperatxire in 635 

tinning machine for .634, 635 

wet washing machine 634, 635 

white-pickling practice 633 

wire 211 


Hot-dipped tin plate 

assorting 636 

Best Cokes • 630, 636 

branner for oiling 635, 650 

charcoal tin plate 630, 635, 636 

coating weights for ...635, 636 

coke tin plate 630 

Common Cokes 630, 635, 636 

5 A Charcoal plate 636 

4A Charcoal plate 638 

heavy-gage 636 

historical 6w 

Kanners Special Cokes. ....630, 636 

menders 6^ 

oiling 650 

lA Charcoal plate 636 

Premier C3iarcual plate 636 

primes 536 

production practices (see "Hot- 
dip tinning") 

reckoning 637 

sampling w6 

seconds 

shearing black plate for 633 

silver tin 6^ 

Standard Chokes 630, 635. 636 

3A Charcoal plate 636 

triple-spot test • ^ 

2A Charcoal plate 636 

types of ^ 

washing ^ 

waste- waste 

white pickling practice.... 833 

Hot-draw bench 

cupping proces* •™ 

Hot extrusion ^ 

advantages of 770-f71 


billets for 772 

billets pierced for 776 

comer defect prevention 774 

cycle of operation in 774 

dies for 773. 774, 775, 777 

dummy block for,. 774, 775, 776. 777 
finishing operations follow- 
ing 778 

glass os lubricant for.. 770, 771, 775 

heating billets for 772-776 

historical 770 

hot sawing extruded 

sliapes 773, 774, 775, 778 

mandrel for 774-776, 777 

operations in 772*776 

piercing billets for 776 

power supply for pi css 777 

preheating tools used in 777 

press for 771, 772, 773 

press power supply 777 

principle of 388 

products made by 770 

seamless tubes 770-778 

stem for 774-776. 777 

tool assembly for 774 

Hot-finislied tubing 

surface characteristics 765 

Hot floor 

refractory plants 183 

Hot galvanizing (see "Continuous 
galvanizing," also "Galvaniz- 
ing," also "Wire galvanizing") 

Hot hardness 

creep strength related to 920 

determination of 919, 920 

rupture strength related to..,. 920 

tensile strength related to 920 

Hot iron 

acid-Bessemer process 278 

blast-furnace production of.,.. 256 
Hot-load resistance 

basic brick 188, 190 

burned chrome-magnesite 

brick 190 

carbon block 188 

carbon refractories 188, 190 

chrome brick 190 

chrome-magnesite brick 190 

fireclay brick 188 

fireclay refractories 188, 190 

forsterite brick 190 

high-alumina brick 188 

magnesite brick 190 

■Bica brick 188, 190 

refractories 188, 190 

Hot metal 

acid Bessemer process 

requirements 204, 276, 278 

addition to open hearth 309 

basic direct-arc furnace 

utilization of 837 

composition 279, 282, 360, 361 

consumption of 204 

definition 222 

deoxidizer for blown metal.... 280 

desulphurization of ^ 

electric melting furnace utili- 
zation of 339 

handling facilities for.. 225 

ki^ formation in 251 

ladles for (see "Iron ladles”) 
open-hearth charge consti- 
tuent 308, 309 

open-hearth reqxiircments .... 204 

pneumatic-process require- 
ments 

sampling of M7 

Thomas-process requirements.. 282 

titanium effect on 253 
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Hot^metal ladles 

mica schist for lining 180 

open-hearth 291 

sandstone for lining 180 

Hot-metal mixers 

acid -Bessemer plant 270, 274 

capacity 274 

duplex steelmaking plant. 360 

high-duty fireclay brick 

linings 200 

invention of 268 

lining life 274 

linings for 200 

top-blown oxygen steeUnaking 

processes 825 

mica schist for lining.... ,.180, 200 

open-hearth 292 

operating temperatures 199 

operation of 274 

purposes of 274 

refractories 

for 180, 199. 274, 281, 292 

sandstone for lining .180, 200 

shell of 274 

super-duty fireclay brick 

linings 200 

Thomas process plants 281 

tilting mechanism for 274 

Hot mills 

hand 594 

Hot-rolled bars 

size limitations 584 

Hot-rolled breakdowns 
black-plate rolling from.... 632, 633 
coiled, for cold reduc- 
tion 584, 586, 587 

coiling temperatures for 594 

doubling for hand hot mills... 596 

hand hot mill use of 595 

hot-strip mill practices for 

rolling 586 

pickling of 596-601, 633 

products made from 593 

semifinished product of 

hot-strip mills 586, 587 

tin-plate rolling from 632, 633 

Hot-rolled only 

sheet classification 595 


Hot-rolled seamless tubes (see 
**Seam]ess tubes”) 
Hot-rolled sheets (see also 
“Sheets”) 


coiling temperatures for 594 

direct rolling on hot strip 

mills 586 

finishing operations on 589 

hot-strip mill practices for 

rolling 586 

hot-strip-mill product 593 

pickling 596-601 

size limitations of 584 

Hot-rolled strip (see also “Strip”) 
hot-strip mill practices for 

rolling 586 

pickling 596-601 

Hot rolling 

angle of bite in 389 

angles 532-538 

angular method 525 

bars 540-550 

biUets (see “Billet mills”) 
blooms (see “Primary mills”) 

bulb angles 532-538 

butterfly method for 535 

center rills 532-538 

channels ..,..,..982-538 

contact arc in 889 

contact area in 889 

cross ties ....532-538 


diagonal method 525, 535 

directional properties imparted 

by 820 

effects of 888. 820, 821 

“finishing" mills for 594 

fiat-rolled products 586 

forging compared with 890 

forward slip during 369 

frictional forces in 389 

grain orientation influenced 

by 820 

grain structure affected by 386 

hand hot-mills for 594-596 

high-strength steels 846 

historical development 388 

I-beams 532-538 

jobbing mills for 594 

joint bars 529-531 

mill scale formed in 596 

neutral point defined 389 

piling 532-538 

plates (see “Plate mills”) 
press forging compared with... 390 

principles of 388 

rails 523-529 

reduction per pass in hot- 
strip-mill finishing stands.... 588 
rods (see “Rod mills”) 

rolling angle defined 389 

scale formed in 596 

sections 532-538 

shapes 532-538 

sheet piling 532-538 


sheets on hand hot mills. . . .594-596 

slab-and-edging method for 525 

slabs (see “Primary mills”) 
spread of work piece during. . . 388 


stainless steels 859, 860, 861 

Straight-flanged method for. ... 535 

structural sections 532-538 

structural shapes 532-538 

tees 532-538 

temperature influence on...... 389 

temperature range for rolling 

flat-rolled products 584 

tie plates 532-538 

tongue-and-groove method for. 525 
wheels (see “Wheel mills”) 

wide-flange beams 532-538 

wire rods (see “Rod mills”) 

sees 532-538 

Hot sawing 

bars 551, 552 

extrusions 773. 774. 775, 778 

rails 528 

structural and other 

shapes 533, 538 

Hot saws 

billet-mill 483 

pipe-mill 734 

Hot scarfing 

semifinished steel 498 

Hot-scarfing machines 

billet-mill 491 

function of 498 

primary-mill * 472 

principle of 498 

Hot shortness 

high-strength steels 846 

sulphur as cause of 267 

Hot spinning 

principle of 389 

Hot spots 

blast-furnace 248 

Hot-strip mills 

alternating-current drives for. . 456 

arrangements for 587 

auxiliaries for 593 

balancing rolls in 592 


bearings for ; 892 

breakdown rolling on SB6, 595 

breakdowns for hand hot mills 

rolled on 595 

broadside stand 587, 591 

capacity, U. S 587 

coil conveyors for 593 

coil-tilter for 593 

coilers for 587, 589, 591 

continuous furnaces for slab- 
heating 589 

cooling means for products. ... 594 

crown on product. 583 

defects in product 587 

descaling practices 587, 591 

development of 586 

direct-current drives for 456 

direct-rolling practices 463, 586 

directional control of steel in 

rolling 583 

drives for 456 

edgers for 587, 591 

finishing-stand drives 456 

finishing stands 587, 591 

finishing temperatures on 594 

flying shears for 587, 589, 593 

four-high mills for 583, 587, 59X 

heating furnaces for 589 

holding table for 591 

hot-rolled-breakdown roll- 
ing on 586, 595 

hot-rolled breakdowns for hand 

hot mills 595 

motor-generator sets for.... 459, 593 

motor room for 456, 593 

pilers for 587 

power consumption 443 

product disposition 593 

product-quality control 587 

quenching of products 594 

reductions per pass in finish- 
ing stands 588 

reheating furnaces for 589 

reversing mills for 587 

reversing roughing stands for. . 587 

roll-balancing in 592 

roll-neck bearings for 592 

roller tables for 587, 591, 593 

rolling from ingots 463 

rolling practices ...463, 586, 632, 633 

rolls for 437, 438, 439 

roughing-stand drives 456 

roughing stands 587, 591 

runout table for 593, 594 

scale-breaker drive 456 

scalebreakers for 456, 587, 591 

shears for 587, 589, 591 

sheet rolling on 586 

slab -heating furnaces for 589 

slab-heating practices .587, 589 

slab preparation for 586 

slab-turning devices for.... 587, 591 

strip rolling on 586 

tables for 587, 591, 593 

temperature control during 

rolling 592 

turntables for 587, 591 

two-high mills for 587, 591 

width- thickness ratios of 

product attainable 583, 587 

Hot swaging 

seamless tubes for cylinders. . . 770 
Hot tar drain tank 

coal-chemical recovery 115 

Hot tears 

steel casting defect. 371 

Hot templets 

roll passes for rails 526 
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Bot tops 

drying 343 

electric*fumace practice 343 

ingot mold 318, ^ 395 

pyrometric cone equivalent,.,. 188 
Hot^worked and oi^-quenched 

joint bars 531 

Hot- worked Joint bars 531 

Hot working 

allotropic transformation of 
steel during cooling after.... 386 

banding developed by 387 

benefits derived from 386 

carbon steels 820 

comparison of methods 390 

definition 386 

qffects of 386, 387, 820, 821 

fiber developed by..... 387 

grain growth following 386 

grain size at completion of 387 

grain size influenced by.... 387, 794 

joint bars 531 

methods compared 390 

methods for 387-390 

plastic deformation during 386 

recrystallization following 386 

stainless steels 859 

temperature limits of 386, 387 

Housings 

billet-mill 481 

hand hot mills 595 

primary-mill 476 

rod mills 683 

roUing-mill 427. 476, 481, 

574, 595, 683 

three-high mill 481 

wheel-mill 574 

Hubs 

wheel 568 

Hulett unloaders 

iron ore 241, 242 

Hultgren balls 

Brinell test use of 897 

Humidity 

air 56 

Hydraulic capsule 

load -measuring 883 

Hydraulic presses 

hot extrusion in 770-778 

principle of 387 

wheel-forging in 572 

Hydraulic sprays 
descaling 


with 504, 508. 510. 587, 591 

Hydroaromatic compounds 
products of primary breakdown 


of coal 113 

Hydrocarbons 

aromatic (see “Aromatic hydro- 
carbons”) 

coal constituents 113 

combustion constants of gas- 
eous 53 

fuel constituents 52 

gaseous-hydrocarbon combus- 
tion constants 53 

petroleum constituents 72 

products of primary breakdown 

of coal 113 

tmsaturated (see “Unsaturated 
hydrocarbons”) 

Hydrochloric acid 

pickling in solutions of 597 

smut removal by solutions of. . 601 
Hydrocyanic acid 

heat of formation 251 

Hydrogen 

acid brittleness from absorp- 
tion €d 889 


air required for combustion. ... 53 

atomic number 8 

atomic weight 8 

blast-furnace gas 

constituent 54, 57, 79, 81 

boiling point 8 

carburetted water-gas constitu- 
ent 81 

coal constituent U3 

coke-oven gas con- 
stituent 54, 79, 81, 113 

coking product 113 

combining weight 7 

combustion-air requirement ... 53 
combustion-oxygen require- 
ment 53 

combustion products with air.. 53 

content of Earth’s crust 6 

controlled-atmosphere con- 
stituent 414 

decarburization of heat^ steel 

by 411 

dissociation of 58 

embrittling effect of 825 

evolution in pickling 597 

flakes in steel attributed to.SK)l, 825 

fuel constituent 52 

heat of combustion 53 

heat-treating atmosphere 414 

iron oxide reduced by 414 

melting point 8 

molecular weight 53 

natural-gas constituent 75 

occurrence of 28 

oil-gas constituent 81 

oxygen required for combus- 
tion 53 

producer-gas constituent 81 

product of coking U3 

products of combustion with 
air 53 

properties of 29 

reducing agent in powder 

metallurgy 206 

specific gravity 53 

steel embrittled by 825 

symbol 8 

tin-can corrosion evolves 651 

water vapor from combustion 

of 53 

Hydrogen cyanide 

coking product 113 

hght-oll constituent 123 

product of coking 113 

Hydrogen ions 26 

Hydrogen overvoltage 

effects of 615 

Hydrogen springers 

corrosion causing 651 

headspace related to 651 

Hydrogen sulphide 

chemical formula 53 

coke-oven gas consti- 
tuent 57, 79, 113 

heat of combustion S3 

light-oil constituent 123, 129 

molecular weight 53 

oxygen required for combus- 
tion 53 

product of primary breakdown 
of coal 113 


Hydroxyl radical 

definition 22, 26 

Hygroscopic substances 

definition 21 

Hypereutectoid steel 

definition 793, 816 

transformation in 794 

Hypoeutectoid steel 

definition 793, 816 

transformation in 793 

Hysteresis loss 

definition 852 

I-beams (see also “Structural 
sections”) 

rolling of 532-538 

Ideal black body 

definition 36 

Ideal diameter 

definition 806 

Ideal gases 

volume-pressure relationship.. 55 
Idiomorphic crystals 

characteristics of U, 385 

Idling friction torque 

reversing primary mills 444 

Igneous rocks 

iron ores in 141 

origins 70 

Ignition loss 

burned dolomite 173 

burned lime 173 

iron ores 144 

Ignition temperature 56, 58 

Ihrigizing 

principles of 623 

Hluxnlnants (see also “Benzene” 
and “Ethylene”) 
coke-oven gas consti- 
tuents 57, 79, 113 

Hmenite 

composition 253 

Impact properties 

aging decreases 823 

Impact testing 

cantilever-beam test for.... 904-908 

Charpy test for 904-908 

cleavage-mode fracture in 907 

cooling specimens for 905 

ductility transition in 907-908 

elevated-temperature tests .... 905 
fracture-transition temper- 
ature in 907-908 

interpreting results of 906-908 

Izod test for 904-908 

keyhole-notch specimens 

for 904-908 

low-temperature test 

methods 905-908 

methods for 904-908 

notched-bar impact tests — 904-908 

principles of 904-908 

refrigerants for 905 

shear-mode fracture in 907 

significance of 904-908 

simple beam test for 904-908 

specimens for 904, 905 

torsional test methods 925 

transition temperature in... 906-908 
Impedance 

definition 46 


specific gravity 58 

Hydrostatic testing 

pipe WO, 781 

Hydrous ferric oxides 

iron-ore constituents 139 

Hydroxides 

definition 26 

Hy^oxyl Ions 26 


Imperfections 

crystal lattices 15 

In-and-out type heating fximaces 

principle of 399 

In train 

definition *.420, 542 

Inactive coils 


whw eompressioii springs. . .720, 722 



Inclusions 
non-metallic (see **Nonnietallic 
inclusions**) 

Incubation period 
isothermal transformation .... 798 
Indene 

light-oil constituent. . . .123, 126, 132 


Ihdenters 

Knoop 902 

Hockwell hardness test 898-900 

Vickers hardness test 900 

Independent-arc furnaces 


steelznaking (see **lndirect-arc 


furnaces*’) 

India 

iron-ore reserves 140 

iron ores 142 

Indicators 

chemical, definiUon 21 

Indices 

direction 13 

Miller 12 

Indirect-arc furnaces 

Hennerfelt type 335 

Stassano type 335 

steelmaking 334, 335 

Indirect firing 

heat-treating furnaces 413 

Indirect pouring 

basic dectric-fumace steel.... 354 
Indirect primary coolers 

coal-chemical recovery 116 

Indirect processes 

ammonia recovery 117 

wrought-iron manufacture. 206, 209 
Indirect resistance furnaces 

electric 334 

Indium 

atomic number 8 

atomic weight 8 

iron-ore constituent 144 

melting point 8 

symbol 8 

Induced-draft fans 
open-hearth 291, 297, 306 


Induced electrostatic charges.... 38 
Induction 

electromagnetic (see **Electro- 
znagnetic induction") 
magnetic (see "Magnetic induc- 
tion") 

Induction electric-furnace pro- 


advantages 357 

atmosphere melting 358 

charge selection 356 

charging methods 356 

disadvantages 357 

melting the charge 356, 357 

lOelting under controlled atmos- 
pheres 358 

tnelting under vacuum 357 

motor effect on bath 357 

power consumption 357 

slags 356 

vacuum melting 357 

Induction furnaces 

Ajax-Northrup type 335 

capacity range 337 

construction 237 

coreless .....334, 335, 356 

Ferranti type 335 

foundry use of ...866, 374, 375 

hi^-f^uency core- 
less 334, 335, 356 

Kjellin type 335 

low-frequency type 231, 335 


Northrup type 335 

primary coil of...... 337 

steelmaking 334 

Induction heating 

heat treatment by 412, 413 

melting electrol^c tin 

coatings by 643 

principle of 334 

Induction stirring 
elcctric-arc furnaces .......340, 353 

Industrial-car wheels 568 

Industrial locomotive wheels 568 

Inert coatings 

characteristics of 618 

Infiltration 

air, control of 86, 88 

Inflammability (see "Flam- 
mability") 

Ingot buggy 

blooming-mill 472 

function of 401, 404, 405, 472 

Ingot coverage 

soaking pits, definition 402 

Ingot cracks 

causes of 396, 493 

crucible steel 264 

hanger cracks 354 

ingot phenomenon 391 

seams related to 493 

thermal shock contributes to.. 397 
Ingot defects 

minimization of 277 

Ingot molds 

acid-Besscmer plant 276 

additions to steel in (see 
"Mold additions”) 

big-end-down 391, 392 

big-end-up .391, 392 

blast-furnace iron for 383 

bottle-top big-end-down ...391, 392 

buggies for 276 

cap for 391 

characteristics 317, 318 

closed -bottom big-end up.. 391, 392 

coatings for 354, 396 

comi)osition of Iron for 884 

core of 276 

electric-furnace steels 354 

hot tops for 186, 318, 354 

metal for casting 391 

open-bottom big-end-up ...391, 392 
open-top big-end-down ....391, 392 
plug-bottom big-end-up ...391, 392 

preparation 343 

stools for 276, 391, 392 

stripping from ingots ..295, 296 

types of 391, 392 

wall thickness 318 

Ingot pattern 

ingot phenomenon 395 

Ingot pit cranes 

soaking-pit auxiliaries 404 

Ingot-receiving table 

blooming mill 472 

Ingot rim 

open-hearth 291 

Ingot scabs 

ingot phenomenon 391, 395 

Ingot strippers 

principles of 205, 276, 296 

Ingot turner 

blooming-mill 472 

Ingotism 

ingot phemnnenon 395 

Ingots 

acid open-hearth steel 832 

air gap between ingot and mcdd 

waU 392 

axial porosity In..,.. 385 


big-end-down 295 

big-end-up 295 

bleeding id 394 

bloomed-down 471 

blowholes in 391, 393, 394, 395 

bottom pouring of 396 

bridges in 393, 394 

burning of 398, 494 

butt cracks in 396 

capped-steei 393, 394, 396 

casting of 391 

characteristics of 391 

cinder patch on 494 

columnar structure in 391, 395 

control of structure 396 

cooling of 391 

cracking of 354, 396, 493 

crucible-steel 264 

delivery facilities at soaking 

pits 404 

d^very to rolling mills from 

soaking pits 405 

dendritic structure in 395 

direct-rolling to rails 523, 526 

drawing temperature 398 

electric-furnace steel 343 

fissures in 391, 395 

folds in 396 

handling at soaking 

pite 401-404, 405 

hanger cracks In 354 

beating for rolling. 391, 397, 401-406 

heating furnaces for 401-406 

heating time for 406 

height of 318 

honeycomb blowholes in. . .393, 394 
hot tops for... 354, 394, 395, 493, 586 

ingotism in 395 

ingot pattern in 395 

internal bursts in 395 

internal fissures in 391, 395 

killed-steel 393, 394, 397 

molds for (see "Ingot molds") 
nonmetallic inclusions in... 391, 395 

overheating 398 

pipe in 391, 393, 394 

port-marked 398 

pot car for handling. . .401, 404, 405 
pouring rate affects quality.... 396 
pouring temperature affects 

quality 896 

power consumed per ton 

produced 442 

products rolled from 463 

rimmed steel 393, 394, 396 

rolling of 463-479, 586 

scabi on (see "Ingot scabs") 

scaling In soaking pits 402, 406 

seamless-tube steels 740 

segregation in 391, 395 

semiklUed steel 393, 394, 396 

size limitations for rolling 465 

skin blowholes in 393, 394, 395 

dcin of 892 

soaking pits for heating.,.. 401 -406 

solidification pattern 392 

solidification time 354 

stainless steels, rolling 860 

Step heating 406 

stripping 276, 295, 296, 404 

structures of 393, 394, 396 

surface defects 877 

taper of * 892 

teeming 391 

temperature equalization in. . . . 391 
time required for solidification. 393 
topping 364 

track time 354, 397, 406 
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Inch 

definition 15 
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Ingots (eont) 

V-segregate in 395 

washed 398 

Xnhibitive coatings 

characteristics of 818 

Inhibitors 

corrosion-preventing 618 

pickling 555, 598, 599, 601, 688 

Initial tension 

wire springs 722 

Injector-type blowers 

gas-producer 77 

Inner cover 

furnace 416 

Inorganic chemistry 

definition 19 

inorganic coatings 

cements 627 

characteristics of 618 

metallic (see **Metallic 
coatings**) 

Inorganic compounds 

coal constituents 113 

Inserts 

checkerwork 233 

Inside-mixing burners 

liquid-fuel 74 

Inspection 

bars 556-557 

butt-welded pipe 734 

castings 373, 376, 377 

electrolytic tin plate 644 

long ternes 657 

magnetic methods for 927 

nondestructive tests for 926, 927 

pickled flat-rolled products 599 

pipe 734, 778, 780 

pipe couplings 780 

pipe threads 780 

plates 507, 517 

rails 529 

semifinished steel 495 

steel castings 373, 376, 377 

structural-mill products 539 

tools for bar-mill inspectors. ... 556 

ultrasonic methods for 927 

wheels 576, 577 

wire 701 

Instrumentation 

blast furnaces 245 

coke ovens 112 

electric-arc furnace 349 

light-oil refining process 129 

open-hearth 320 

soaking pits 406 

Insulating firebrick 
annealing-furnace applica- 
tions 401 

blast-furnace stoves 233 

heating-furnace applications... 401 
normalizing-furnace 

applications 401 

open-hearth use of 298 

process for making 184 

stoves 223 

thermal conductivity 190 

Insulating materials 

slags for 175 

Insulation 

blast-furnace stoves 233, 234 

electrical (see ^'Electrical 
Insulation’*) 

heating furnaces 401, 411 

open-hearth 301, 303, 804 

regenerators 305 

reheating furnaces 401, 411 

stoves 233 


Insulators 

electrical, definition 17, 39 

thermal, definition 18 

Intergranular corrosion 
carbide precipitation as cause 

of 617 

stainless steels 866 

Interlamination resistance 

definition 852 

Intermediate alloy tool steels 

characteristics of 838 

Intermediate cooler 

blast-furnace 226 

Intermediate duty fireclay Ivick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation under load 188 

density 188 

hot -load resistance 188 

modulus of rupture 188 

pyrometric cone equivalent.... 186 

spalling resistance 188 

specific gravity 188 

true specific gravity 188 

Intermediate-oil fraction 

tar refining 133 

Intermediate stand 

Structural-mill 532, 533 

Intermediate-type wire-drawing 
machines 

purpose of 693 

Intermediate-wall blast furnaces 

construction of 228 

Internal bursts 

ingot phenomenon 395 

Internal chills 

steel foimdry uses of 370 

Internal fissures 

ingot phenomenon 391, 395 

Internal friction 

definition 17 

Internal stress 

austenite grain size influences. . 795 
magnetic properties affected 

by 850 

Internal upset casing 

characteristics of 782 

Internal upset drill pipe 
A.P.I. internal upset drill pipe. 785 
International Prototype Kilo- 
gram 15 

International Prototype Meter... 15 

Interstitial atoms 15 

Investment molding 
heat- and corrosion-resistant 

steel castings 377 

steel castings 370, 377 

Inwall batter 

blast-furnace 229 

Inwalls 

blast-furnace 227 

Iodine 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Ionic substances 

nature of 21 

Ionic valence 21 


hydrogen 28 

hydroxyl 26 

nature of 22 


Iridite treatment 

galvanized coatings treated by. 826 


Iridium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Iron 

absorption of carbon by ...2-8 

allotropic forms of... 789 

alloys with nickel, natural.... 1 

alpha iron 789 

ancient use of 220 

antiquity of .1-3 

atomic number 8 

atomic weight 8 

body-centered cubic forms 789 

boiling point 8 

carbide 29 

carbon for reducing from 

oxides 113 

cast (see ’‘Cast Iron,** ah^ **hron 
castings”) 

chemical compositions of 

relatively pure irons 789 

coke constituent ^6-257 

content of Earth’s crust 6 

crystallographic forms of 789 

delta iron 789 

density of 929 

face-centered cubic form 789 

ferric compounds of 31 

ferrous compounds of 31 

gamma iron 789 

hot (see “Hot iron”) 
intermetallic compounds 

with tin 646, 647 

intermetallic compounds 

with zinc 662, 663-665 

iron-ore constituent 256-257 

limestone constituent 256, 257 

mechanical properties of 

relatively pure iron 789 

melting point 8 

metallography of relatively 

pure iron 789 

meteoric 1 

mineral species containing (see 
*‘Iron ores”) 

native 1 

natural alloys with nickel 1 

occurrence of 31 

open-hearth oxidation of... 310, 322 
open-hearth recovery from 

charged ore 309 

open-hearth slag constitucont. . . 223 
ores of (see “Iron ores”) 

pick-up by canned foods 653 

pig (see **Pig iron”) 
powdered (see “Powdered 
iron”) 

prehistoric use of 1-8, 220 

properties of relatively 

pure iron 31, 789 

recovery from 


reduction from oxides 254-255 


removal from blast furnace.... 237 
ilags as sources of. 174, 175, 177, 353 
smelting (see **Blast furnace,** 
also “Iron smelting,” also 
“Smelting furnaces”) 
solution potential in various 


solutions 622 

specific gravity 31 

sponge (see **Sponge iron”) 

symbol 8 

telluric 1 
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Iron (cant.) 

unit cube edges of allotropic 


forms of 789 

wrought (see “Wrought iron") 

Iron arsenide 

pig iron constituent 253 

Iron-base rolls 
air-furnace melting of metal 

for 438 

alloying elements added to. .438-440 

applications of 434, 439 

carbon-content range 438 

chill roUs 438 

composite 440 

compositions 438*440 

ductile iron 439, 440 

grain -iron rolls 438, 439 

molds for 438 

overflowed 440 

sand-iron rolls 439 

types of 438-440 

Iron-bearing minerals (see "Iron 
ores”) 

Iron carbide 

chemical formula 29 

heat of reaction 277 

steel constituent 788 

Iron-carbon equilibrium diagram 

signiilcance of 791, 792 

Iron-carbon-manganese system 

phase diagram 794 

Iron-carbon system 

phase diagram for 791, 792 

Iron carbonate 

density 139 

iron-ore constituents 139 

Iron carbonyl 

iron powders from 206 

Iron castings 

aging 384 

air furnace for melting metal 

for 381 

alloyed 383 

applications 381 

bleeding of 380 

cementite in 378 


cerium Influence on properties. 381 


castings”) 

chromium influences 

properties * 380 

closeness of grain 378 

compositions, typical 382 

copper Influences properties... 380 
corrosion resistance influenced 

by silicon 379 

creep 378 

cupola for melting metal for. . . 381 

deflection testing of 384 

density 378 

draw shrinkage 380 

dry sand molds for 384 

fluidity of molten iron for 377 

graphitization in 378 

gray iron (see "Gray iron 
castings”) 

green sand molds for 384 

growth of 378 

hardness testing 384 

historical 209 

iron composition vs. 

properties 278-381 

kinds of 277, 381 

ledeburite in 378 

loam molds for * 384 

machinability 378 

magnesium influence on 
properties 381 


malleable (see ‘Malleable 
castings") 

manganese influences 

properties of 379 

mechanical properties 382 

melting pig iron for 381 

modulus of rupture 383 

molds for 384 

molybdenum influences 

properties 381 

nickel influences properties. ... 380 
nodular iron (see "Nodular 
iron castings") 

pearlite in 878 

permanent molds for 384 

phosphorus influences 

properties 380 

pig iron for 377 

pipe (see “Cast iron pipe”) 

porosity 378, 380 

properties dependent upon 

composition 378-381 

rails 523, 524 

seasoning 384 

semipermanent molds for 384 

shell molds for 384 

shrinkage 377, 380 

silicon content influences 

properties 378 

special additives for 381 

sulphur influences 

properties 379, 380 

tension tests of 384 

testing 384 

titanium influences properties. . 381 

transverse load test of 384 

imsoundncss in 378 

vanadium influence on 

properties 381 

Iron-chromium-carbon system 

phase diagram for 858, 859 

sigma phase in 858, 859 

Iron-chromium-nickel sy-stem 
phase diagrams for. ...856, 857, 858 

sigma phase in 856^, 857, 858 

Iron-chromium system 

phase diagram for 854, 856 

sigma phase in 854 

Iron cordierite 

composition 192 

ferrous oxide-alumina-silica 

system component 192 

Iron-core solenoid 42 

Iron disposal 

blast furnaces 237 

Iron-iron carbide system 

equilibrium diagram 791, 792 

Iron ladles 

blast-furnace 225 

duplex process 361 

Kling type 237 

mixer type 237 

open-top 237 

Pugh-type 237, 239 

Iron loss 

electric melting furnace 

processes 338 

Iron-manganese silicate 

composition 826 

Iron-manganese sulphide 

composition — 326 

Iron minerals (see “Iron ore4") 
Iron-molybdenum system 

phase diagram 794 

Iron Mountains deposits 

iron ore 149-152 

Iron-nickel alloys 
natural 1 


Iron notch 

blast-furnace .223, 226 

opening for casting.... 237 

oxygen lance for opening 237 

Iron-ore mining 

block caving 167 

Birmingham District 146 

blind pillar in 167 

caving methods for 165 

cut-and-fill sloping 168 

drifts for 166, 167 

drilling in 140 

finger raises in 167 

Lake Superior district.. 153, 156, 158 

loaders for broken ore 146 

manway pillar in 167 

Marquette range 153 

mechanized methods 146 

Mesabi range 156 

mills 167 

open-pit methods (see "Open- 
pit iron-ore mining”) 

open-stoping methods 167 

ore-handling methods 146 

overhand sloping 170 

pillars in 167 

radial-top-slicing method 164 

raises in 165, 166, 167 

room -and -pillar method 146 

shrinkage sloping 168 

shuttle cars for 146 

slusher hoist for IB.') 

slopes in 167 

sloping method 146, 170 

sub-level caving 165 

sub-level sloping 167 

top slicing 164, 165 

underground methods (see 
“Underground iron-ore 
mining”) 

underhand sloping 170 

Utah 150, 1.52 

winter procedures 170 

Iron-ore ranges 

Lake Superior District 152 

Iron-ore reserves 

world 140 

Iron ores 

acid-Bessemer process require- 
ments 268 

acid electric-arc furnace proc- 
ess charge material 356 

acid open-hearth addition of. . . 332 
Adirondack magnetite .... 142, 145 
Alabama (see “Birmingham 
Di.strict iron ores”) 

Algeria 140, 142 

alkalies in 143 

alkali -motal oxides in 143 

alumina in 140, 143, 145, 1.51. 

223, 2.56, 257, 360 

anhydrous ferric oxide in. 139 

Animikie range 152 

Argentina 140 

arsenic in 144, 151 

Atikokan range 152 

Austria 140 

Australia and Tasmania..*..,.. 140 

availability 140, 141 

basic electric-arc furnace proc- 
ess charge material... 352 

Bastar hematite 142 

benefleiated, shipments of 161 

beneficiation (see "Benefigla- 
tlon") 

Big Seam of Birmingham 

District 145 

Bihar hematite 143 

Bilbao hematite 143 


I 



Iron ores (cont.) 

Birmingham District (see 
^'Birmingham District iron 
ores”) 

black-band 141, 142 

black band ironstones 142 

blast-furnace consumption per 

ton of pig iron 254 

blast-furnace reduction of 143 

blending 146, 170 

Blue Mountains deposits 149 

Brazil 140, 142 

British Africa 140 

British Isles 142 

Bull Valley deposits 149, 152 

cadmium in 144 

calcination 141 

California 149 

Canada 140 

carbonate group 139 

Cerro Bolivar hematite 142 

Cheikh-Ab-Chang hematite.... 142 
chemical names of iron 

minerals in 139 

Chile 140, 142 

China 140 

chromium in 143 

Clinton formation 145 

Clinton hematite 139, 142 

cobalt in 143 

Colorado 149 

columbiura in 143 

combined water in 223 

composition ..140, 145, 256, 257, 360 
concentration by bcnedciation 
processes (see “Beneficiation”) 
concentration by natural 

processes 142, 143 

conditioning (see “Benefi- 
ciation”) 

consumption per ton of pig iron 

produced 223 

coolant in acid-Bessemer 

process 275 

copper in 144. 145, 151, 156 

Cove Mountains deposits 149 

Crimea 142 

crushing 147, 152, 160 

Cuyuna range 153, 157 

Damuda sandstone 142 

densities 139 

deposits, U. S 145 

development 151 

direct reduction (see “Direct 


reduction”) 

distribution 141, 142 

drill exploration 158 

El Pao hematite 142 

El Tofo magnetite 142 

enrichment by blending 146 

exploration for 158 

ferric oxides in 139 

ferrosoferric oxide in 139 

ferrous carbonate in 139 

fines in 143, 147 


first shipment from Lake 


Superior District 153 

formations associated with 141 

forms of deposits 141 

fossil ore 139 

foBsiliferous 1^3 

France 140, 142 

French Morocco 140, 142 

French production 141 

French West and Equatorial 

Africa 149 

geologic range of 141» 142 

geology 145, 152-157 

Georgia 142 
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German production 141 

Germany 140, 142 

goethite 

Gogebic range 153, 155 

grading 170 

Granite Mountain deposits. 149, 152 

Great Britain production 141 

Gunflint range 152 

handling methods 158, 160, 161 


hematite group 139 


— 

156, 157. 223 

Hokkaido gravel placers....... 142 

Honshu gravel placers 142 

Hulett unloader for 241, 242 

hydrous ferric oxides in 139 

ignition loss 144 

impurities not reduced in blast 

furnace 143 

impurities always reduced in 

blast furnace 144 

India 140,142 

indium in 144 

iron carbonate in 139 

iron contents of 151, 256, 257 

Iron Mountain deposits 149, 152 

iron oxides in 139 

iron powders produced from... 206 

iron silicates in 139 

Iron Springs magnetite 142 

iron sulphides in 139 

Japan 140, 142 

jaspilites 142 

Kaministikwia range 152 

Kashmir calcareous 142 

Kerch oolitic limonite 142 

Kirunavaara magnetite ....141, 142 

Krivoi Hog hematites..., 142 

Labrador 142 

Labrador hematite 142 

Lake Superior District (see 
“Lake Superior iron ores”) 

largest producing deposits 141 

leaching, natural 142, 143 

Liberia 140 


jLizne in aw, aw, aw, 

256, 257, 360 

limonite group 139 

limonites 139, 151. 153, 154, 157 

loading into vessels 242 

log washers for 146 

low phosphorus for acid- 

Bessemer pig iron 268 

Luxemburg 140, 142 


magnesia in .....aw, aw, aw, 

151, 256, 257 

magnetic concentration * . 139 

magnetite 139, 156 

magnetite group 139 

manganese in 143, 145, 151, 

256, 257, 360 


manganiferous 144, 154, 157 

Marquette range 152, 153 

mechanisms of formation 142 

Menominee range 152, 153, 154 

Mesabi range 153, 156 

Mexico 140 

Michigan ..142, 153 

Michipicoten range 152 

Minas Gerais hematite 142 

mineral sources of 141 

mineralogical make-up •••.•••• 148 

minerals in 139 

Minette .....141, 142 

mining (see 'Iron-ore 
mining”) 

MinnesoU 158 

moving 119 
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moisture in .223, 256, 380 

Moroccan 142 

natural processes forming 142 

Nevada 149 

Newfoundland 141, 142 

New Jersey 145 

New Mexico 149 

New York 142, 145 

nickel in 144 

North Africa 142 

North Korea 140 

Norway 140 

occurrence ...140. 142, 145, 152, 157 

Ohio 142 

Ohio siderite 142 

Ontario 142, 152 

odlitic 145 

oolitic hematite 139 

open-hearth charge 

constituent 309, 321, 322 

ore boats for 242 

origin of 141 

Oriskany 142 

Orissa hematite 142 

oxides of iron in 139 

paint rock 156 

Paragonah deposits 149 

Pennsylvania 145 

Penokee-Gogebic range 153 

Persia 142 

Peru 140 

phosphorus in 140, 144, 145, 147, 

151, 157, 256, 257, 360 

physical characteristics 143 

Pinto-Iron Springs District. 149, 152 

placer deposits 142 

potassium oxide in 143 

production 141, 145, 151, 153 

prospecting 158 

Quebec 142 

rare-earth metal oxides in 143 

red hematite 139 

reduction, direct (see “Direct 
reduction”) 

reduction in blast furnace 143 

replacement type 151 

reserves (see “Iron-ore 
reserves”) 

rocks associated with 141 

Salzgitter 142 

sampling 147, 160, 170 

screening 147, 160 

Seigerland siderite 142 

selenium in 143 

self-fluxing 139, 141, 145, 172 

siderite 139 

Silica in 140, 142, 143, 145, 151, 

223, 256, 257, 360 

silicate group 141 

silicates as sources 141 

silicates of iron in 139 

silicon compotmds in 143 

sintering 148 

sizing 143 

smelting (see “Blast furnaces,” 
also “Iron smelting,” also 
“Smelting furnaces”) 

sodium oxide in 143 

sources of 141 

South Africa 140 

Soviet orbit 140, 141, 142 

Spain * • • 1^ 

Spaidsh Africa 140 

Spathic 139 

specular hematite 139 

spiegeleisen manufacture 144 

St Lawrence magnetite 142 

stock -piling 119 

storage * 146 



THE MAKING, SHAPING AND TREATING OF STEEL 


992 


Iron ores (cont) 
sulphur compounds in.l39, 140, 143, 
144, 151, 256, 257 

Sweden 140, 142 

taconites 1^ 164 

Taza 142 

Tennessee 142 

Three Peaks deposits 148 

tin in 144 

titania in 143, 256 

titanium dioxide in 143, 256 

titanium in 145, 151 

transportation 146, 152, 159, 

160, 161, 170 

Tunisia 140 

turgite 139 

Ukraine 142 

United Kingdom 140 

United States production Iti 

United States reserves 140 

unloading from vessels 242 

unloading rigs for 242 

Upper Assam clay ironstone. . . 142 
Ut^ (see “Utah iron ores") 

valuation 143 

vanadium in 143 

vein type 151 

Venezuela 140, 142 

Vermilion range 153, 155 

VirgiiUa 142 

Wabana 141, 142 

Wah Wah Mountains deposits. . 149 

washing 163 

water in 139, 144, 223, 256, 360 

water of crystallization In 144 

Western 149 

Wisconsin 142, 153 

Wyoming 145, 149 

xanthosiderite 139 

Yugoslavia 140 

zinc in 144, 151 

zirconium In 143 

Iron oxide (see also “Ferric 


oxide,** also “Ferrous oxide**) 
acid-Bessemer process role 

of 275, 277 

acid open-hearth role of 331 

alkalies accelerate reduction 

of 253 

basic brick expansion by 169 

basic electric-arc furnace proc- 
ess role of 353 

blast-furnace charge 

component 254 

blast-furnace reactions 

involving 254-255 

fsaldum ferrites from 185 

carbon content of acid- 
Bessemer steel related to.... 275 
carbon for reduction of.... 118, 250 

dead-burning agent 185 

direct reduction by carbon. 206, 250 

firestone constituent 180 

heat of formation...., 250 

iron-ore constituent 139 

iron powders produced from. . . 206 

lime reactions with 194 

magnesite constituent ......... 181 

open-hearth role of.... 312, 313, 321 

portland-cement constituent... 177 

reduction by carbon 113, 250 

refractories attacked by.,,. 194, 195 

refractories constituent 182 

sand constituent 301 

sandstone constituent 180 

scale component 896 

aide-blown process role of 284 

Thomas process role of 282 


Iron-oxide boil 
acid electric-arc furnace 


process 355, 356 

basic electric-arc furnace 

process 352 

open-hearth 311 

Iron phosphide 

chemical formula 30 

Iron powders (see “Powder 
metallurgy**) 

Iron rails 524 

Iron sesquioxide (see **Ferrie 
oxide**) 

Iron sUicates 

iron ore constituents 139 

Iron silicide 
blast-furnace reaction 

product 252, 254, 255 

Iron-silicon alloys 


magnetic properties (see **£lec- 


trical sheets**) 

Iron smelting 

fluxes for 172 

primitive 1, 2 

Iron-smelting furnaces (see 
**Smelting furnaces**) 

Iron Springs formation 

characteristics 150 

Iron Springs magnetite iron ore 

geologic age of 142 

Iron Springs Mining District (see 
*Tinto-Iron Springs District**) 
Iron sulphate 

pickling reaction product 685 

Iron sulphide 

addition agent 203 

iron casting properties affected 

by 380 

Iron-ore constituent 139 

Iron-tin system 

phase diagram 645 

Iron transfer ladle car 

acid-Bessemer process 270 

Iron-zinc system 

phase diagram 664 

LS.W.G. (see “British Imperial 
Standard Wire Gage**) 

Isley system 

open-hearth application of 307 

Isopentane 

cooling bath fdr Impact 

speciments 905 

Isoquinoline 

tar constituent 132 

Isothermal annealing 

bars 560 

procedure for 813 

Isothermal transformation 

austenite 797-804 

continuous-cooling transforma- 
tion related to S04-806 

incubation period 798 


Xaothemial truisfonuation dia- 
grams 

eontroUed cooling based on. . . . 501 


Isotopes 

de^ition 9 

Izett steel 

non-aging characteristics 823 

Izod impact testing 
specimens for 904-905 

Jamb cleaners 

coke oven 108 

Jambs 

puddling furnaces 211 

Japan 

Iron ores .,.,.140, 142 


Japans (sea “Orpnie ooatingsH) 


Jaspilitat ,....142, 143 

Jet granulation 

bl^-fumace slags 174 

Jet process 

lightweight slags 174 

Jet tapper 

open hearth 314 

Jig springs 

uses for 722 

Jigs 

coal preparation 67, 68 

Jobbing miUs 

definition 594 

hot-roUing practices 594, 595 

Joint bars 

cold-worked 531 

composition of steel for... 530 

continuous type 530 

early types 529 

finishing operations 531 

head-contact type 530 

head-free type 530 

heating furnaces for hot 

working 531 

hot-worked 531 

hot-worked and oil-quenched. . 531 

long-toe type 530 

pimching 531 

quenching 531 

roll passes for 530 

rolling of 529-531 

shearing 531 

short-toe types 530 

slotting 531 

straightening 531 

types of 529, 530, 531 

Jominy bar (see “End-quench 
test**) 

Josephinlte 1 

Joule 

definition 33 

Journal 

axle 568 

Jiimp weld 

definition 725 

Kaministikwia iron-ore range 

location 152 

Kanners Special Cokes 

coating weight of 63G 

definition 630 

Kaolins 

characteristics 181 

Kashmir calcareous iron ore 

geologic age of 142 

Kelvin temperature scale 33 

Kerch oolitic limonitc iron ore 

geologic age of 142 

Kerosene 

petroleum product 72 

Keyhole-notch specimens 

impact testing 904-908 

Kick-off tables 

plate-miU 515 

Kieselguhr 88 

Killed Bessemer steel 

deoxidizers used for ..279, 280 

seamless tubes made from 740 

KiUed steel 

acid-Bessemer process (see 
“Killed Bessemer steel'*) 
aluminum as deoxidizer. ....... 329 

aluminum deoxidation practice 
for extra-deep-drawl^ 

steels 586 

Bessemer (see ’Killed Bessemer 
steel*’) 

deonddation practices 337 



INDEX 


Killed Steel (coni.) 
electric-arc furnace for 

production of 839 

extra-deep-drawing type 
deoxidized with aluminum.. 586 
flat-rolled products made from. 585 

furnace additions 397 

galvanized-sheet base 662, 666 

ingot structure 393, 394, 397 

ladle additions 897 

mold additions 397 

overheating of Ingots 398 

sheet steels made from 585 

steelmaking practice 397 

strip-steel made from 585 

Thomas process 283 

^ack time 397 

Killing 

salt-deposit removal by 119, 120 

steel (see **Deoxidation'*) 

Kilns 

lime (see **Lime kiln*') 

periodic 184 

refractory firing 184 

rotary (see "Rotary kilns”) 

tunnel 184 

Kilocalorie 

definition 34 

Kilovolt-ampere 

definition 846 

Kilowatt 

definition 44 

Kink 

bar defect 557 

Kirchoff'a law 59 

Kininavaara magnetite iron ore 

geologic age of 142 

occurrence of 141 

Kish 

graphite in 251 

Kjellin furnace 

induction type 335 

Kling-type ladles 

moltcm pig-iron transport 237 

Knobbling fire 

South Wales process 210 

Knobbling rolls 

skelp-mill 726 

Knoop indenter 

microhardness testing 902 

Knuckle 

open hearth 298, 302, 303 

Konnerth mining machine 65 

Koppers-Becker coke ovens 
design of ....94, 97, 99, 100, 102, 103 
firing principles 94, 97, 99, 100, 


principle of operation — 94, 97, 99, 
100. 102, 103 

Koppers coke ovens 

design of 94-96, 99, 100 

dimensions 94 

firing principles 94-96, 99, 100 

ptindple of operation 94-96, 99 

Kraemer syxtem 
speed control for alternating- 

current motor 450 

Krause rolling mill 

principle of ^ 

Krivoi Rog hematite iron ores 

geologic age of * — 142 

Krypton 

atomic number S 


atomic weight 8 

boiling point 8 

melting point • • ^ 

symbol ^ 

kva 


definition 


846 


Kyanite 

characteristica J 81 

plastic refractories constituent. 185 


L 

tin-plate symbol 932 

L-D process (see "Top-blown 
oxygen steelmaking proc- 


esses”) 

Labrador 

iron ores 142 

Labrador hematite iron ore 

geologic age of 142 

Lacquered tin cans 

corrosion resistance of 653 

Lacquered tin plate 
corrosion resistance of 653 


Lacquers (see "Organic coatings”) 


Ladle additions (see also 
"Addition agents”) 
acid electric-arc furnace 

process 856 

acid open-hearth practice 331 

basic electric-arc ihimace 

process 353 

basic open-hearth practice 328 

deoxidation by 393, 894 

killed-steel practice 397 

open-hearth practice 814 

rimmed steels 396 

semikilled-steel manufacture . . 397 
Ladle analyses 

steel 817 

Ladle brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation tmder load 188 

density 188 

hot-load resistance 188 

modulus of rupture 188 

P3rrometric cone equivalent... 186 

service requirements 200 

spalling resistance 188 

specific gravity 188 

steel-ladle lining 315 

true specific gra\ity 188 

Ladle cars 

acid-Bessemer plant 270 


Ladle nozzles (see "Nozzles”) 
Ladle rigging (see "Steel ladles”) 
Ladles 

hot-metal (see ‘Tron ladles”) 
iron (see "Iron ladles”) 
dag (see "Slag ladles”) 
steel (see "Steel ladles”) 


Lake Superior District 

extent 152 

geology 152, 157 

Lake Superior hematite iron ore 

geologic age of 142 

Lake Superior iron ores 
benefidatlon 156, 157 


drill exploration 158 

exploration for 158 

form of deposits 141 

geology 152, 157 

hematite 142, 153, 154, 156, 157 

jaspilites 142 

limonites .••.*••.•*•...153, 154, 157 

magnetite 142, 156 

mining methods 153, 156, 15$ 

occurrence 153, 157 

production 145, 153 

prospecting 153, 157, 158 

range locations JW 

taoonite 142, 15? 


Lake Superior jaspilites 

geologic age of 143 

Lake Superior magnetite iron ore 

geologic age of 142 

Lake Superior taconites 

geologic age of 142 

Lamberton rolling mill 

principle of 423 

Lamination factor 

definition 852 

Lancashire process 
wrought-iron manufacture .... 210 
Lang lay 

wire rope T20 

Lanthanum 

atomic number 8 

atomic weight 8 

melting point 8 

symbol 8 

Lapped-ram machines 

tension-test 883 

Laps 

bar defects 556 

fins as cause of 49S 

roll-pass design to control 477 

Lap-weld process 

pipe manufacture 725 

Large bell 

blast-furnace 223 

Large bell rod 

blast-furnace 231 

Large calorie 

definition S3 

Large-diameter pipe 

electric-welded 736-738 

liarry car 

beehive coke ovens 91, 92 

coke oven 106 

Latent heat 

definition 53 

Ijateral wires 

woven-wire fence 718 

IfBthes 

roU 438 

Lattice 

Bravais 12 

space 12 

Lattice imperfections 

crystals 15 

Lattice parameters 13, 14 

Launder washers 

coal 67 

Lauth mill 

application of 583 

Laws 

Avogadro's 19 

Barba’s law of similarity 892 

Boyle’s 16 

Charles’ 54 

chemical action * 324 

conservation of energy 82 

conservation of matter 23 

constancy of nature.. 23 

Dalton’s first 23 

Dalton’s second 28 

definite proportions 23 

divided circuits 41 

electromagnetic Induction 45 

Faraday’s 28 

Fourier’s 35 

Hemys 24, 324 

Hooke’s 17, 888 

Kirchors 59 

law of mass action. ..*••23, 277, 325 

Le Chatelier’s 23 

Lens's 4S 

mass action 23, 277, 325 

multiple proportions 21 


Nemst’s law of distribution.. . • 225 
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Laws (eont.) 

Ohm*8 H 

Raoult's 24, 325 

Stefan-Boltzmann 59 

Stefan's 36 

Stokes* 329 

van’t Hoff’s 23, 325 

Wiedemann-Franz 85 

Laxal treatment 

principle of 626 

Laying 

wire rope 720 

Laying reels 

principles of 683 

Le Chatelier*s Law 23 

Leaching 

iron ores, natural 142, 143 

tin ores 631 

Lead 

atomic number 8 

atomic weight 8 

babbitt constituent 426 

boiling point 8 

breakouts caused by 205 

chaser 779 

melting point 8 

oxidation from tin 631 

refractories attacked by 205 

scrap constituent 205 

spelter constituent 666 

ssrmbol 8 

whiteometal constituent 426 

Lead annealing 

wire 705, 706 

Lead-bath furnaces 

heat-treating applications 416 

Lead baths 

high-speed steel heated in 839 

tempering in 812 

Lead spindle 

rolling-mill 424 

Leader pass 

rail-mill 526 

Leader stands 

bar mills 542 

Leading stones 36 

Lean gas 

coke-oven fuel 102 

Lean-to 

open-hearth 291, 293 

Lean-to filler 662 

Iiedeburite 

characteristics of 791 

composition 378 

pig-iron constituent 378 

Length 

standard of 15 

Lena’s Iaw 45 

Leucite 

potassium oxide-alumina- 

silica system component 195 

Levelers 

coke-oven 107, 108 

Leveling 

beehive coke-oven charge 92 

coke-oven charges 100. 109 

galvanized sheets 669, 672 

plates 507, 515-516, 522 

Lever machine 

tension- test 882 

Liberia 

iron ore 140 

Lifting screws 

patterns drawn by 371 

Lilting tables 

three-high mill 480 

Ll^t burden 

blast-lumaoe 156 


Light commercial coating class 


galvanized sheets 661 

light oil 

absorbents for 122 

acid washing.. 126, 127. 128, 129, 131 
amount produced per ton of 

coal coked 122 

amylenes in 123, 129 

aromatic hydrocarbons in 123 

batch-t3rpe refining process. .... 128 

benzene in 115, 122, 123, 126, 

127, 128, 129, 131 
boiling points of constitu- 
ents 123,127 

butadiene in 123, 129 

butene in 123 

butylenes in 129 

carbon disulphide in... 123, 127, 129 

carbonyl sulphide in 123 

characteristics of 113, 122 

coal chemicals from 123 

constituents of ....115, 122, 123, 127 
continuous refining process. 128, 129 
continuous stills for 

refining 127, 129 

coumarene in 126 

coumarone in 123, 132 

cresols In 123 

crude benzene in 123 

crude No. 1 solvent from 123 

crude No. 2 solvent from 123 

crude residue from 123 

crude toluene in 123 

cycloheptane in 123 

cyclohexane in 123 

cyclohexene in 123 

cyclononane in 123 

cyclooctane in 123 

cycloparaffins in 1^, 126 

cyclopentadiene in ...123, 129 

cyclopentane in 123 

cymenes in 123 

decane in 123 

dicyclopentadiene in 123 

diethyl sulphide in 123 

dimethyl pyridines in 123 

dimethyl sulphide in 123 

diolefins in 122, 123, 127 

distillation for recovery 125 

durenes in 123 

ethyl benzene in..., 123 

ethyl mercaptan in 123 

ethyl toluenes in 123 

final cooler in recovery of 124 

forerunnings 123, 127, 128 

fractional distillation 127 

heavy solvents in 127, 131 

hemlmellitine in 123 

heptane in 123 

heptylene in 123 

hexadiene in 123 

hexenes in 123 

hexylene in .123 

hydrogen cyanide in 123 

hydrogen sulphide in 123, 129 

impurities in .126 

indene in 123, 126 

m-xylene in ..123 

mercaptans in 123 

mesitylene in 123, 132 

methyl mercaptan in 123, 129 

methylcyclohexane in 123 

snethylhexane in 123 

methylthiophene In 123 

motor-fuel fraction ...<,«..,«127-131 

a-decane in 123 

n-heptane in 123 

n-heptylena in 123 

n-haxane in 123 


n-hexylene in 12$ 

n-nonane in 123 

n-octane in 123 

n-pentane in 123 

n-propyl benzene in 123 

naphthalene in 126, 131 

naphthalene in crude residue.. 123 
naphthalene recovery in 

recovering 124 

naphthenes in 123 

neutral, compounds in 132 

nitrogen compounds in.l22» 123, 127 

nonane in 123 

o-xylene in 123 

octane in 123 

octylene In 123 

olefins in 122, 123, 127 

oxygen compounds in.. 122, 123, 127 

p-xylene in 123 

paraffins in 122, 123, 126 

pentane in 123 

pentene in 123 

petroleum wash oil for 

absorbing 122 

phenol in 123, 127 

picoline in 123 

plant design for refining 128 

processes for refining 128 

propyl benzene in 123 

pseudocumene in 123, 132 

pyridine in 123, 127 

recovery of 122 

refining of 126 

residues in 127 

saturated hydrocarbons in 126 

semicontinuous refining 

process 128, 129 

solvent naphthas in.... 115, 122, 123 

solvents in crude residue 123 

specific gravity 113 

steam -distillation process for 

recovery of 125 

stripper column for 129 

styrene in 123 

sulphur compounds 

in 122, 123, 127, 128, 129 

tetramethylthiophene in 123 

thiophene in 123, 127 

thiophenol in 123 

thioxenes in 123 

toluene in 115, 122, 123, 126, 

127, 128, 131 

trimethylthiophene in 123 

unsaturated hydrocarbons 

in 123, 127 

uses for 127 

volume produced per ton of 

coal coked 113 

wash oil in crude residue...... 123 

wash oil for absorbing 122 

wash-oil scrubber for 

recovery 125 

wash-oil separation from 125 

xylenes in 115, 122, 123, 126, 

127, 128, 131 

Light-oil fraction 

tar refining 133 

Light rails 

finishing and inspection 529 

rolling practices 527 

light-weight fireclay brick (see 
“Insulating brick**) 

Light-weight slags 

processing of 174 

lighting 

blast furnaces 346 

Lignite 

characteristics of 62 

composition 62 
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lignite (coni.) 

heating value 64 

origin 62 

Lime 

acid open-hearth slag 

constituent 331 

ammonia liberation by 113 

basic electric-furnace slag 

component 355 

blast-furnace behavior of... 254-255 
blast-furnace slag compo- 
nent 254-257 

bonding agent for silica brick.. 194 
burned (see “Burned lime“> 
burned-dolomite constituent... 173 

burned -lime constituent 173 

calcination product 173 

boating for drawing wire 

rods 684, 688 

coke constituent 256, 257 

duplex process slag constitu- 
ent 362, 363 

firestone constituent 180 

fluxing properties 30 

iron-ore constituent. ..139, 140, 141, 
143, 144, 145, 151, 
256, 257, 360 

iron -oxide reaction with 194 

lime-alumina-silica system 

component 193 

lime-magnesia-silica system 

component 198 

lime-magnesia system compo- 
nent 198 

lime-silica system component. . 196 
limestone constituent ..134, 256-257 

melting point 193, 198 

open-hearth slag constit- 
uent 322, 323, 326 

Portland -cement constituent... 177 

refractories constituent 182 

refractoriness of 30 

sand constituent 301 

sandstone constituent 180 

silica brick bonding with 194 

sources of, natural * 30 

stone (see “Limestone”) 

tar-acid recovery reagent 135 

Thomas-process slag compo- 
nent 282 

Lime-alumina-silica system 

phase diagram 193 

Lime-alumina slags 

electric furnace 353 

Lime boil 

chemistry of basic open-hearth 

lime boil 323 

dry -bottom duplex process — 363 

open-hearth 311, 313 

Lime coating 

bars 554 

rods for wire drawing. 684, 688 

Lime-ferric oxide system 

phase diagram 326 

Lime-ferrous oxide-silica system 

phase diagram 325 

Lime kiln 

phenol-recovery process 134 

rotary (see “Rotary lime kiln”) 

tar-acid recovery process 134 

Lime leg 

ammonia still 

Lime-magnesia-silica system 

phase diagram 

Lime-magnesia system 

phase diagram *9® 

lime-silica ratio 
basic electric-arc furnace 
noudt-down slags 354 


open-hearth slags 826 

slag pancakes lor estimation 

of 355 

Lime-silica slags 

electric furnace 853, 355 

Lime-silica system 

phase diagram 196 

Lime tanks 

wire-mill 687 

Lime up 

definition 311 

Lime.stone 

alumina in 256-257 

argillaceous, cement manufac- 
ture 179 

blast-furnace behavior of... 254-255 
blast-furnace consumption per 

ton of pig iron 254, 257 

blast-furnace flux 172 

burning 173 

calcined (see “Burned lime- 
stone”) 

calcining 135, 173 

calcium carbonate in 173 

carbon dioxide content........ 256 

chemical nature of 30 

composition 172, 173, 256, 257 

consumption per ton of pig iron 

produced 223 

crushing 259 

cupola use of 274 

fluxing with 172 

functions in blast furnace 225 

iron in 256 

kilns for calcining 173 

lime in 256, 257 

magnesia in 256, 257 

magnesium carbonate in 173 

manganese in 256 

moisture in 256 

open-hearth calcination of 323 

open-hearth charge constit- 
uent 308, 809, 322 

phosphorus in .173, 256, 257 

Portland -cement raw material. 179 

preparation as flux 173 

silica in ...173, 256, 257 

sizing 173, 259 

sources of 173 

sulphur in 173, 256, 257 

water in 173, 256 

Limonites 

availability 139 

Birmingham District 146 

chemical formulas 139 

compositions 139 

Cuyuna range 157 

densities 139 

important deposits of 142 

iron content 139 

iron ore 139 

iron-ore constituents 139 

Marquette range 153 

Menominee range - . . 154 

occurrence 139 

Utah 151 

Line pipe ...726, 739, 782, 783 

Line wires 

barbed- wire H® 

Linear expansion ^ 
aluminous fireclay brick...*... 187 

chrome brick 137 

chrome-magnesite brick 187 

coefficient of J® 

definition ,1* 

forsterite brick 187 

heat-resisting steels Sj 

high-alumina brick MT 


magnesite brick 187 

refractories 187, 189 

silica brick 187 

siliceous fireclay brick 187 

stainless steels 879, 880 

Linings 

basic converters 281 

converters 271, 281, 285 

electric-arc furnace..,. 337, 340, 341 
electric melting fur- 
naces 337, 340, 341 

hot-metal mixers 274 

ladles 276 

pickling-tank 687 

linz-Donawitz process (see 
“Top- blown oxygen steel- 
making processes”) 

Lip 

chaser 778 

Lip ring 

blast-furnace 226 

Liquefied petroleum gas 75 

Liquid carburizing 

principles of 815 

Liquid fuels 

absolute viscosity 72 

API gravity 72 

atomization 73 

Baum6 gravity 72 

blended oils (see “Fuel oils”) 

burners for 74, 304 

by-product 52 

cement-industry consumption 

of 179 

cetane number 73 

coal equivalents 84 

combustion 73 

compositions 73 

conditioning 74 

consumption 70, 84 

distillate fuel oils (see “Fuel 
oils”) 

feeder systems 74 

flame temperature, theoretical. 73 

flames, control 74 

flash point 72 

fuel oil (sec “Fuel oil”) 
heating value of Bunker “C” 

fuel oil 73 

heating value of pitch-tar mix. 73 

manufactured 52 

natural 52 

natural crude petroleums (see 
“Petroleum”) 

octane number 73 

oil (see “Fuel oil”) 
open-hearth furnaces ...74, 303, 804 
petroleum (see “Petroleum”) 
pilch (see “Pitch”) 

pitch-base mixtures 132 

pitch blending for 133 

pitch-tar mix (see “Pitch-tar 
mix”) 

Portland -cement-industry 

consumption of 178 

pour point 72 

properties of 72, 78 

pumping systems for 74 

raw petroleum (see “Petro- 
leum”) ^ 

Reid vapor pressure 73 

relative viscosity 72 

residual fuel oils (see “Fuel 
oils”) 

Saybolt Furol Viscosity 78 

Saybolt Universal Viscosity. ... 73 

soaking-pit use of 402 

gpecifle gravity 72 

gpedfleationsfor 72 
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Liquid fuels (eont) 

steam for atomiasation T4 

storage 74 

tar (see *Tar”) 

tar«refining residue 132 

theoretical flame temperature.. 73 

transportation 74 

ultimate analyses 73 

utilization 70 

vapor pressure, Reid 73 

viscosity 72, 73 

Liquid propane 

heating value per pound 76 

liquids 

absolute viscosity 72 

Batun4 gravity 72 

characteristics of 16 

compressibility 16 

relative viscodty 72 

Saybolt Furol Viscosity 73 

Saybolt Universal Viscosity. ... 73 

vapor pressure of 16 

viscosity 72 

Liquor*flnished wire 
characteristics and 

uses 685, 712, 713 

List edge 

long temes 658 

Lithium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

live area 

soaking-pit 406 

live holes 

roll-pass 432 

Load-bearing ability 

refractories 189 

Load-measuring devices 

tension-test machines 883 

Load-test data 

refractories 189 

Loaders 

iron ore 146 

Loading 

bars 559 

plates 507 

Loam 

open-hearth use of 320 

Loam molds 

iron casting 384 

Lock-forming quality galvanized 

idieets 662 

Locke raU 523 

Lockseam test 

galvanized sheets 672 

L^omotive wheels (see 
••Wheels*') 

Xiocomotives 

open-hearth auxiliaries 290 

open-pit iron-ore mining 161 

Lodestones 36 

Log washers 

izm ore 147 

long teme sheets (see ••Long 
tames*’) 

Long temes 

branners for 657 

coating composifloa 655 

coating operations 656 

coating weights .685, 932 

comhi^tion process for • 656 

continuous-strip productioo 

of 658 

cooling after coating 656 

defects in 657 

diinesuJiinal ranges 6!0 


dry finish 657 

flux process for makizig 656 

gages for 928, 932 

hot-dip processes for 656 

inspection of 657 

list edge on 658 

oil finish 657 

origin of name 655 

pickling prior to coating 656 

primes 657 

recoats 657 

rejects 657 

scrap sheets 657 

sheet weight test for 657 

steels for 655 

temperature of coating bath. . . 656 

testing 657 

triple spot test for 657 

uses for 655, 658 

Long-toe joint bars 530 

Longitudinal cracks 

ingot defect 493 

Longwall method 

coal mining 65 

Loopers 

electrolytic-tinning line 640, 644 

galvanizing-line 672 

Loping mills 

arrangement of 420 

bar-rolling in 543, 544 

wire-rod rolling... 675, 678, 680, 682 

Looping pits 

electrolytic-tinning line 640 

galvanizing-line 672 

pickling-line 599 

Loose fish 

raUs 527 

Loss on ignition (see •Ignition 
loss’*) 

Lost-wax process 

precision casting 370, 377 

Loup 

Catalan process 207 

Loup furnace 


wrought-lron production in.... 208 
Low-alloy steels (see •*High- 


strength steels**) 

Low-alloy tool steels 

characteristics of 838 

Low-carbon ferromanganese 

constituents 202 

Low-carbon stainless steel 
basic electric-furnace 


Low-temperature vitreoua 
enamels 

applications at 627 

Lower bell 

blast-furnace 230 

Lower Umit of 

fiammability 56, 58 

Lower yield point 

definition 889 

Lowering of the heat 

puddling-izrocess stage 212 

Lubricants 

petroleum products 72 

Luder’s lines 

yield-point phenomenon 889 

Ludlum furnace 

direct-arc electric }35 

Luminous flames 58 

Luppenofen 

wrought-iron production in.... 208 

Lurgi process 78 

Luster 

tin-plate 648 

Lutetium 

atomic number 8 

atomic weight 8 

symbol 8 

Lutidines 

recovery of 121 

refining of 121 

tar constituents 132 

Luting 

coke-oven doors 93, 104, 108 

Luting buggy 

coke oven 108, 110 

Luting mud 

coke-oven door sealing with. . . 108 
Luxemburg 

iron ores 140, 142 

Mf temperature 

definition 798 

M, temperature 

definition 798 

m-Xylene 

light-oll constituent 123 

Macerals 

definition 63 

Machinabillty 

austenite grain size influences. . 795 

iron castings 378 

Machine chipping 
semifinished steel 496 


slags for making 353, 355 

characteristics of 866 

Low-duty fireclay brick 

apparent porosity 188 

bulk density 188 

diemical composition 182 

cold strength 188 

deformation under load 188 

density 188 

hot-load resistance 188 

modulus of rupture 188 

pyrometric cone equivalent.... 186 

apalling resistance 188 

specific gravity 188 

true specific gravity 188 

Low-frequency induction 
furnaces 

Bteelmaking 3Si 835, 356 

Low-phosphorus ferromanganese 

phosphorus content 202 

Low-phosphorus pig iron 
composition ranges 221 

production, annual 220 

Low-temperature coke 90 

Low-temperature impact teiting 


techniquas for 905-901 


Machine drawing 

beehive coke ovens 93 

Machine molding 

steel foundry use of 371 

Machine process 

lightweight slags 174 

Machining 

axles 580 

wheels 577 

Macromolecule 

definition 7 

Magma 

definition 70 

Iron minerals crystallized 

from t42 

Magnaflux test 

Imbus 557 

principle of 9^7 

Magnaglo test ^ 

principle of 627 

Magnesia 

basic electric-furnace dag 

component 555 

blast-fumace dag oompo- _ 

Hint 254, 257 
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Magnesia (eont.) 

btimed-doloxnite constituent .. 173 


calcination product 173 

chemical nature of 30 

coke constituent 256, 257 

duplex«process slag constit- 
uent 362, 363 

iron-ore constituent... 143, 144, 145, 
151, 256, 257 

lime-magnesia system compo- 
nent 198 

lime-magnesla-silica system 

component 198 

limestone constituent 256, 257 

magnesia-ferrous oxide system 

component 198 

melting point 198 

epen-hearth slag constit- 
uent 322, 323 

ramming refractories 

containing 185 

refractories constit- 
uent 181, 182, 185 

refractory characteristics ...30, 194 

sand constituent 301 

sources of, natural 30 

synthetic 181 

uses of 181 

Magnesia-dolomite refractories 

ramming types 185 

Magnesia-ferrite 

composition 194 

Magnesia-ferrous oxide system 

phase diagram 198 

Magnesia-lime refractories 

chemical compositions 182 

raw materials for 181 

Magnesia-Ume-silica system 

phase diagram 198 

Magnesia-lime system 

phase diagram 198 

Magnesite 

alumina in 181 

burnt (see ‘‘Burned magnesite*') 

chemical nature of 30 

dead-burned (see “Burned 
ma^esite*') 

electric melting furnace use 

of 337, 340 

formula 181 

impurities in 181 

iron oxides in 181 

kilns for burning 185 

open-hearth refrac- 
tory 200, 288, 299, 320 

ramming re^'actories constit- 
uent 185 

sea-water (see “Sea-water 
magnesite'*) 

silica in 181 

sources of 181 

Magnesite brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

converter linings of 285 

deformation under load 188 

density 188 

hot-load resistance 188, 190 

hot-metal mixer linings of 281 

linear expansion 187 

modulus of rupture 188 

open hearth use of «288, 298 

sea-water magnesite for 190 

8hear failure of ^ 

gpaUiug xwdstaikoe 188» 191 

QHKdfic gravity ^ 


thermal conductivity 190 

true specidc gravity 188 

Magnesite-chrome brick 

apparent porosity 188 

basic electric-arc-fumace 

applications 200 

bulk density 188 

chemical compositions 182 

cold strength 188 

deformation under load 188 

density 188 

hot-load resistance 188 

modulus of rupture 188 

open-hearth use of 301, 303, 304 

spalling resistance 188 

specific gravity 188 

true specific gravity 188 

Magnesite-chrome refractories 

characteristics of 199 

peeling of 199 

Magnesium 

atomic number 8 

atomic weight 8 

boiling point 8 

content of Earth’s crust 6 

extraction 30 

flux component 172 

melting point 8 

nodular iron castings made by 

addition of 381 

occurrence of SO 

oxide (see “Magnesia*') 

properties of 30 

solution potential in various 

solutions 622 

specifle gravity 30 

symbol 8 

Magnesium carbonate 
blast-furnace charge compo- 
nent 254 

bumed-lime constituent 173 

burning 173 

calcination in blast furnace. ... 253 

calcining 173 

dolomite constituent 173 

limestone constituent 173 

sources of 30 

Magnesium oxide (see “Magne- 
sia”) 

Magnesium silicate 

blast-furnace behavior of 253 

Magnesium-silicate refractories 

chemical compositions 182 

raw materials for 181 

Magnet steels 

alloying elements used for 835 

Magnetic aging 

definition 852 

Magnetic-amplifler system 
direct-current motor speed 

control by 451 

Magnetic concentration 

iron ores 139 

Magnetic control systems 

electric-arc furnaces 848 

Magnetic fields 

definition 86 

direction of 42 

Earth’s 37 

force exerted on conductor in. , 43 
produced by electric currents. • 42 

strength measurement 42 

Magnetic flux 

deflnition 87 

Magnetic flux density 
definition 852 


Magnetic induction 
diefl]3itio& 


SI, 882 


Magnetic lines of force 

definition 38 

Magnetic materials 

definition 37 

Magnetic permeability 

measurement 87 

Magnetic poles 

attraction between 36 

definition 86 

repulsion between 36 

unit, definition 37 

Magnetic properties 

definitions of 851, 852 

determination of 851, 852 

electrical sheets ..848-853 

grain orientation aflects 850 

internal stress alTects 8^ 

silicon content of steel related 

to 850 

Magnetic reluctance 38 

Magnetic retentivity 

definition 37 

Magnetic saturation 

definition 852 

Magnetic tests 

nondestructive tests 927 

scrap 205, 351 

Magnetic-t 3 n)e extensometer 

principle of 886 

Magnetism 

electro- 42 

loss by steel on heating 794 

theory of 36 

Magnetite 

Adirondack 145 

availability 139 

chemical formula 139 

color 139 

composition 139 

ferrous oxide-ferric oxide- 

silica system component 197 

important deposits of 142 

iron content 139 

iron-ore constituent 139 

magnetic concentration of 139 

magnetic natime of 139 

magnetic properties 36 

Mesabi range 156 

New Jersey 145 

occurrence of 139 

Pennsylvania 145 

production, U» S 145 

specific gravity 139 

Utah 151 

Wyoming 145 

Magnetite-and-water flotation 

coal preparation 67 

Magnetite sands 

origin of 142 

Magnetizing force 

definition 652 

Magnetomotive force 

deflnition 852 

Magnets 

artificial 36 

natural 36 

permanent 36 

temporary 86 

Main mill drives (see “Rolling- 
miU drives") 

Main roof 

open hearth 302, 303 

Main runner 

blast-furnace 237 

Malleable 

deflnition 6 

Blhdleable castings 

orififtftling 383 

black heart 388 
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Malleable castings (cont.) 
copper ixiBuence on properties. 380 
graphitization retarded by 

sulphur 380 

heat treatment of 383 

malleablizing treatment ....... 383 

manganese-sulphur ratio for... 379 

meclianical properties 382 

metal compositions for 383 

silicon as graphitizing agent... 378 

white heart 383 

Malleable-iron rails 524 

Malleable pig iron 

composition ranges 221 

production, annual 220 

use for 223 

Man-Ten 

composition of 844 

Mandrel 

cold-drawing process 756 

continuous seamless process. ... 751 
hot-extrusion proc- 
ess 771.774-776, 777 

Mannesmann piercing 

machine 741 

plug-rolling mill 745 

reeling machine 746 

Mandrel test 

galvanized wire 710 

Manganese 

acid -Bessemer hot-metal 

constituent 276 

acid-Bessemer process 

behavior of 267, 277, 279 

acid-Bessemer process oxida- 
tion of 277 

acid-Bessemer steel addition.. 280 

acid electric-arc furnace oxida- 
tion of 356 

acid open-hearth oxidation of. . 332 

addition to steel 202, 203 

atomic number 8 

atomic weight 8 

austenite former 794 

basic electric-arc furnace proc- 
ess oxidation of 352 

blast-furnace behavior of 252 

boiling point 8 

carbon in pig iron influenced 

by 251 

coke constituent 256 


segregation in ingots 395 

side-blown process removal of. 284 
silicomanganese constituent ... 202 

slag fluidity affected by 279 

slag fluidity increased by 252 

sibigs as sources of.......... 174, 223 

**sloppy*’ acid-Bessemer heats 

caused by 252 

Specific gravity 31 

spiegeleisen constituent 203 

steel castings’ content of 368 

steelmaking applications of.... 31 
sulphur effects decreased by. . . 252 

symbol 8 

tempering rate influenced by. . 832 
Thomas-process removal of.... 282 
top-blown oxygen steelmaking 

process requirements 286 

wire temper affected by 677 

wrought-lron constituent 218 

Manganese ores 

ferruginous 144 

manganese content ranges 144 

Manganese oxides 
blast-furnace reduction of. .250, 251 

heat of formation... 250, 251 

Manganese steel (see **Hadfleld 
manganese steel”) 

Manganese sulphide 

addition agent 203 

blast-furnace slag constit- 
uent 143, 144 

Manganiferous iron ores 

Cuyuna range 157 

manganese content range 144 

Menominee range 154 

Manganous oxide 
acid electric-arc furnace proc- 
ess slag constituent 355, 856 

acid open-hearth slag constit- 
uent 831 

basic electric-furnace slag 

component 355 

blast-furnace reduction of 254 

blast-furnace slag component. . 254 
duplex-process slag constit- 
uent 362,363 

fireclay refractory fluxing by. . 193 

heat of formation.. 277 

manganous oxide-alumina- 
silica system component 196 


Manufacturing temes 659 

B4anway pillar 

iron-ore mining 167 

Marble 

chemical nature of 30 

Market wire 713 

Marking 

bars for identiflcetlon 559, 560 

plates for identifica- 
tion 507, 516-520, 522 

plates for shearing. . . .509, 512, 515, 
516, 520, 522 

rails 528 

wheels for identification. . . .569, 575 
Marking devices 

billet-mill 491 

primary-mill 472 

Marl 

chemical nature of. 30 

portland-cement raw material. 179 
Miarquette iron-ore range 

Bijiki schist 154 

extent 153 

geology 153 

Goodrich quartzite formation. . 153 

hematites 153 

limonites 153 

location 152, 153 

Michigamme slates 153 

mining methods 153 

Negaunee iron formation 1.53 

ore types 153 

origin of ores 154 

production 153 

Siamo slates 153 

Martempering 

principles of 812 

Martensite 

austenite transformation to.... 798 
hardness as function of carbon 

content 801 

properties of 800 

tempered (see “Tempered 
martensite”) 

tempering of 811 

Martensitic stainless steels 

applications 868, 869 

hot working of 859, 860 

Mass 

definition 4, 15 

electron 7 


crucible process use of 263 

deoxidizing power of...., 328 

desulphurization aided by 353 

ferrite strengthener 834 

ferroalloys containing 202 

high-strength steel properties 

related to content of 645 

iron-casting properties affected 

by 880 

iron-ore constituent ...143» 145, 151, 
256, 360 

limestone constituent 256 

melting point 8 

multiplying factors for 830 

occurrence of 31 

open-hearth oxidation 

of 287, 310, 322 

ores of (see ^’Manganese ores”) 

oxidation in air furnace 381 

oxidation in open-hearth...... 311 

oxidation in steelmaldng 

furnaces 202, 311 

pig-iron constit- 
uent 221, 251, 257» 881 

properties of 81 

recovery from slag 174 

reduction from oxi& in electrle 
frimaoe dag 153 


open-hearth slag constit- 
uent 322, 323 

Manganous oxide-alumina-sUica 
system 

phase diagram 196 

Manipulator 

blooming-mill operator 472 

Manipulators 

blooming-mill 472 

drives for 461 

primary-mill 479 

rolUng-mill ...428, 461, 472, 479, 480 

three-high billet miU 480 

Mannesmann piercing mill 
seamless-tul^ manufac- 
ture 434, 741-743 

Mantles 

blast-furnace 223, 225 

puddling-furnace 211 

Manufactured fuels 
definition 51 


Manufactured gas (see ^TProducer 
gas.” “Water gas,” ”Oil gas,” 
“Bottled gases,” end “Special 
gas processes”) 

Manufacturers* Standard Qags 
diaets * 629 


nuclear 7 

proton 7 

unit 7 

Mass action 

law of 23, 277, 325 

Mass defect 11 


Massive refractories 

basic brick 182 

blast-furnace applications 199 

bumed-magnesite brick 182 

burned products 183 

burning 184 

carbon block 182, 184 

chemical compositions 182 

chemically bonded magnesite 

brick 182 

chrome brick 182 

chrome-magnesite brick ...... 182 

chrome ores 183 

diatomaceous earth 183 


drop molding 183, 184 

dry pressing 183 

electrocast 184 


extrusion 


183 


fireclay brick 183 

fired dbrome-magneslte brick. . 182 


fired magneslte-dttonie brick.. 182 
Brestone 153 
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firing 184 

forsterite brick 182 

fused mullite 184 

hand molding 183 

high*alumina brick 182 

high-duty fireclay brick 182 

hot-metal mixer applications.. 199 
intermediate-duty fireclay 

brick 182 

kilns for firing 184 

ladle brick 182 

low-duty fireclay brick 182 

magnesite brick 182 

magnesite-chrome brick 182 

mica schist 182, 183 

molding 183, 184 

mullite 184 

olivines 183 

open-hearth furnace applica- 
tions 200 

periodic kilns for firing 184 

physical properties 188 

pneumatic ramming 183, 184 

power pressing 183 

pressing 183 

ramming 183, 184 

raw state 183 

sandstone 183 

semi -silica brick 182 

silica brick 182 

stifi-mud process for shaping. . 183 

super-duty silica brick 182 

thermal properties 188 

tunnel kilns for firing 184 

types of 183 

vibration for molding 184 

Masts 

electric-arc furnace 344 

Matching 

mold sections 370 

sheet bars for rolling 594 

Matter 

atomic structure of . . . * 7 

characteristics of 15-18 

chemical changes 11 

composition of 4-7 

conservation of 23 

definition 4 

heat effects on properties 35 

nature of 4 

nuclear changes 11 

physical changes 11 

properties affected by heat 35 

properties of 15-18 

states of 16 

structure of 7-15 

Maxwell 

definition 37 

Mean solar time 15 

Mean specific heat 

definition 54 

Mechanical equivalent of heat.. 35, 44 
Mechanical forging 

presses for 388 

Mechanical gas producers (see 
“Gas producers”) 
Mechanical-impingement type tar 

extractor 116, 117 

Mechanical presses 

principle of 388 

Mechanical properties 
carbon content as determin- 
ant of 816, 819 

carbon steels 816, 819 

cold woricing affects 821, 822 

definition 881 

electrical sheets 851 

grala slse related to 816, 819 
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high-strength steels 845 

iron castings 382, 384 

iron in relatively pure forms. . . 789 
microstructure related to... 798, 800 

nodular iron castings 

rivet steel 819 

stainless steels 863, 867, 868 

steel castings, typical 369 

structural steel 819 

tempered martensite 801 

tests for determining ^1-927 

wire 701 

wire-drawing effect on 694, 695 

Mechanical puddling 

Danks furnace for 215 

Ely furnace for 215 

furnaces for 215 

^bbard's furnace for 215 

incentives for 211 

principles of 214 

Roe furnace for 215 

Mechanical spalling 

refractories 191 

Mechanical testing 

bend tests 923 

compression tests 923 

cupping tests 923, 924 

damping capacity tests 926 

elevated -temperature test 

methods 913-922 

equipment for 881-927 

fatigue testing 908-913 

hardness testing 895-904 

impact tests ...904-908 

methods 881-927 

non-destructive tests 926-927 

notched -bar impact tests 904-908 

purposes of 881 

quality control by 881-882 

selection of methods 881 

shear tests 925 

strain-aging sensitivity 

tests 924, 925 

strain-sensitivity 

tests 924, 925 

tension test 882-895 

tests at elevated tempera- 
tures 913-922 

torsion tests 925 

wear tests 925 

Mechanical treatment 

cold working defined 886 

crystal deformation by 386 

definition 385 

hot working defined. 386 

methods of (see “C!old work- 
ing,” also “Hot working”) 

objectives of 885 

plastic deformation of steel 

by 385 

recrystallization following 386 

strain hardening as result 

of 385 

Mechanical tubing 

tolerances for 765 

Turk head for shaping 764 

uses for 764 

Mechanically capped steel 
(see “Capped steel”) 

Mechanically unloaded larry 

coke oven 106 

Medicine house 

crucible process 363 

Medina quartzite 

occurrence 180 

Medium-annealed tubing 
surface characteristics 766 

Medium-carbon femmanganesft 
constituents 
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Medium hard temper 

wire 678 

Medium-temperature coke 90 

Meehanite 383 

Melt down 

open-hearth process stage 313 

Meltdown period 
acid electric-arc furnace pro- 
cess 355 

electric-arc ftmnace 349 

Meltdown slag 

basic electric-arc furnace pro- 
cess 354 

Melter foreman 

open-hearth 308 

Melting 

acid open-hearth practice. ..... 330 

definition 16 

electric-induction furnace 

practice 356 

heat- and corrosion-resistant 

steels for casting 374 

pig iron for castings 381 

puddling process 212 

stainless steels 859 

tin coatings on electrolytic 

tin plate 643 

Melting down 

open-hearth charge 310 

Melting finery 

South Wales process 210 

Melting furnaces 

roll -foundry 434 

Melting holes 

crucible furnaces 263 

Melting points 

alumina 191, 192, 193, 194, 195 

chemical elements 8 

chrome spinel 187 

corundum 191, 195 

crlstobalite 191 

dicalcium silicate 195 

ferrophosphorus 380 

ferrous oxide 102, 197, 198 

forsterite 187,195 

lime 193, 198 

magnesia 198 

monticellite 195 

periclase 187 

pig iron, factors affecting 377 

alUca 187, 191, 192, 193, 

194, 195, 197, 198 

tin 632 

Menders 

tin-plate 636 

Menominee iron-ore range 

extent 154 

geology 154 

hematites 154 

limonites 154 

location ....152, 153, 154 

Michigamme slates 154 

ore types 154 

origin of ores 155 

production 154 

Vulcan iron formation 154 

Mercaptans 

light-oil constituents 123 

Merchant bar 

wrought iron 214 

Merchant bars (see "Bars'*) 

Merchant mills (see "Bar mills*’) 
Mercury 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

gymbol 8 
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Mercury-arc rectifiart 

principles of 49 

Mesabi iron**ore ran^ 

beneUciation of ores 156i 157 

Biwabik formation 156 

extent 156 

geology 156 

hematites 156 

horn 157 

location 153, 156 

nuignetite 156 

mine depth 165 

mining methods 158, 164, 165 

open-pit mining (see ‘‘Open-pit 
iron-ore mining'*) 

ore types 156 

Pokegama formation 156 

production 156 

taconites 156 

underground mining 156 

Virginia slates 156 

Mesitylene 

light-oil constituent 123, 132 

Meta-anthracite coal 

fixed carbon range of 64 

volatile matter in 64 

Meta-para cresol 

distillation for recovery 136 

uses for 138 

Metal cementation 

chromizing process for 623 

coatings applied by 622 

corronizing process for 623 

Ibrigizing process for 623 

sherardizing process for 623 

Metal cladding 

aluminum for 623 

copper for 623 

stainless steel for 623 

Metal control 

acid open hearth 331 

basic open hearth 324 

Metal-encased basic brick 

open-hearth walls 301, 303, 304 

Metal-encased chemically bonded 
basic brick 

process for making 184 

Metal powders 

paints containing 627 

Metal spraying 

coatings applied by 622 

Metal-stitching wire 
characteristics of 715 


Metallic coatings 

aluminum 623, 

calorizing process for applying 

aluminum 

cathode sputtering for apply- 
ing 

cementatbn processes for 

chemical treatment of 

chromium 

chromizing process for applying 

chromium 

condensation process lor apply- 
ing 

copper for wire- 
drawing 684, 685, 698, 

copper-tin for 

wire drawing . . . .684, 685, 698, 
corronizing process for apply- 
ing zinc 

dectroplated 

evaporation process for apply- 
ing 

fusion welded 

hot-dip processes lor apply- 
tofi 


7U 


625 
622 

626 
623 

623 

625 


623 

623 

625 

623 


Xhrigizing process for silicon- 
izing 623 

metal-cementation processes 

for 622 

metal spraying for applying.... 622 

metals used for 621 

sacrificial 621 

sherardizing process for apply- 
ing zinc 623 

sprayed metals for.. 622 

tin for wire- 
drawing 684, 685, 698, 699 

tin on wire 711 

welded 623 

wire-industry use of 707-712 

zinc 623, 660-672, 707-711 

Metallic hardening process 

wire 706 

Metallographlc constituents 

steel 788-792 

Metallography 

definition 11 

heat treatments interpreted 
by 788-806 


Methyl mercaptan 

light-oil constituent 123 , 129 

Methyl pyridines 

recovery of 12i 

refining of 121 

tar constituents 132 

Methyl quinoline 

tar constituent 132 

Methyl thiophene 

light-oil constituent 123 

Metric system 15 

Mexico 

iron-ore 140 

Mica schist 

acid-Bessemer converter lin- 
ing 180 

diaracteristics 180 

chemical compoidtion ......182, 1^71 

converter linings of 271 

hot-metal mixer appli- 
cations 180, 200, 274 

silica in 180 

Boaking-pit refractory 180, 201 

utilization as refrac- 


Metalloids 

chemical definition 

Metallurgical coke (see “Be^ve 
coke,'* also “Ckdce”) 

Metallurgy 

chemic^ metallurgy defined... 4 
physical metallurgy defined. ... 4 

powder (see *?owder metal- 
lurgy**) 


process metallurgy defined.... 4 
relation to physics and 

chemistry 4 

Metals 

chemical definition 6 

Metamorphic rocks 

iron ores in.... 141 

origins 70 

Meteoric Iron 1 

Meter 

definition 15 

Methane 

air required for combustion. ... 53 
blast-furnace gas constitu- 
ent 79 

carburetted water-gas constitu- 
ent 81 

carburizing agent 814 

chemical formula 53 

coke-oven gas constituent. . .81, 113 

coking product 113 

combustion-air requirement ... 53 
combustion-oxygen require- 
ment 53 

combustion products with air. . 53 
flue products of combustion. ... 53 

heat of combustion 53 

molecular weight 53 

natural-gas constitu- 
ent 57, 75, 81 

oil-gas constituent 81 

oxygen required for combus- 
tion 53 

producer-gas constituent 81 

product of coking 113 

products of combustion with 

air 53 

reformed natural-gas constitu- 
ent 81 

specific gravity S3 

Methyl cydohexane 

light-oil constituent 123 

Methyl hexane 

light-oil constituent 123 

Methyl isoquinoline 
tar constitiunt * W 


tory 182, 183, 200, 

6 201, 271, 274 


Micaceous schist (see “Mica 
schist") 

Mlchigamme slates 

Marquette range 153 

Menominee range 154 

Michigan 

iron-ore mining methods 164 

iron ores 142, 153 

Blichiplcoten iron-ore range 

location 152 

Microcharacter 

principle of 902 

Microhardness tests 

techniques for 902 

Microstructure 

carbon-steel composition deter- 
mines 820 

carbon-steel properties 

related to 816, 819 

cold-worked steel 822 

heat-resisting steels ...872, 873, 876 
Steel properties related 

to 798, 800 

wire-drawing effect on 696, 697 


Middlings 

hot-dip tinning process use of. . 635 
Milk of lime 

anunonia-recoveiT process 

using 118 

Mill approach table 

blooming-mill 472 

plate-mill 508 

Mill deUvery table 

plate-mill 508 

Mill drives (see “Rolling-mill 
drives**) 

Mill scale 

blast-furnace use of 223 

definition 596 

source of 223 

Miller indices 12 

Milling machines 
semifinished ste^ conditioned 

496 

Mills 

iron-ore mining 167 

lolling (see HoUing inill^*) 

Mill tables (see “Tables’*) 

Minas Gerais hematite iron ore 

geologic age of 142 

ki^erel matter 

coal component 64 
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Mineral ipedef 

daAnition 139 

Mineral wool 

slags for 175 

Minerals 

iron-bearing (see "Iron ores”) 
Minette iron ores 

geologic age of 142 

occurrence of 141 

Mining 

cassiterite 631 

coal (see **Coal mining”) 
iron ores (see "Iron-ore min- 
ing”) 

refractory raw materials 183 

tin ores 631 

Mining machines 

boal 65 

Minnesota 

iron ores 153 

Minnesotaite 

iron mineral 141 

Minute 

definition 16 

Mixed -base crude petroleum 72 

Mixer building 

open hearth 292 

Mixer-t3i>e ladles 

molten -pig-iron transport 237 

Mixer valve 

blast-furnace 234 

Mixer# 

hot-metal (see "Hot-metal 
mixers”) 

Mixing 

iron ores 170 

refractory raw materials 183 

Mixture 

definition 4 

MnO (see "Manganous oxide”) 
Modulus of elasticity 

definition of 888 

determination of 888 


Mold washes 

steel-foundry use of 370, 871 

Mold yard 

open-hearth plant 291, 293 

Molding 

refractories 183, 184 

Molding flasks 

steel-foundry 435 

Molds 

blind risers for 372 

bottom board for 370 

bottom gates for 372 

bottom plate for 370 

cheek section 870 

clamps for 370 

cope section of 370 

core placement in 371 

cored 371 

coreprints for 371 

drag section of 370 

dry sand 384 

drying 371 

facing sand for 371 

feedheads for 871 

finger gates for 372 

flasks for 370, 435 

gates for 370, 372 

green sand 384 

heap sand for 371 

heat- and corrosion-resistant 

steel casting 375 

horn gates for 372 

ingot (see *^ngot molds”) 
ingot cracking related to 

design 493 

investment type 370, 377 

iron-base rolls 438 

iron casting 384 

loam 384 

machine molding of 371 

matching cope and drag 

sections 370 

nails to minimize erosion...... 370 


definition 6, 20 

dissociation of 22, 26 

formation by elements 19 

gas 19, 20 

giant 6 

nature of 6 

Molybdenum 

addition to steel 202, 203 

atomic number 8 

atomic weight 8 

boiling point 8 

creep strength conferred 

by 872, 873 

ferrite former 794 

ferrite strengthener 834 

ferromolybdenum constituent, . 203 
iron casting properties influ- 
enced by 381 

melting point 8 

multiplying factors for 830 

open-hearth behavior of 322 

residual element In carbon 

sted 825 

stainless-steel constituent 855 

steel castings' content of 368 

symbol 8 

tempering rate influenced by... 832 
Molybdenum oxide 

addition agent 203 

Monatomic elements 6 

Monell process 

open hearth 288 

Monkey 

blast-furnace 226 

Monkey cooler 

blast-furnace 226 

Monkey walls 

open-hearth 804 

Mono-calcium ferrite 

composition 826 

Monoclinic sulphur 

specific gravity 29 

Monoclinic unit cells 12 


heat-resisting steels 880 

stainless steels 880 

temperature effect on 922 

Modulus of rigidity 

definition 925 

Modulus of rupture 

iron castings 383 

refractories 188 

Moisture (see also "Water”) 

coke constituent 256 

descaling effect 504 

iron-ore constituent 256, 360 

limestone constituent 256 

Mol 

definition 23 

Mol fraction 

calculation of 28 

definition 23 

Mold additions 

basic open-hearth steel 328 

deoxidation by 393, 394 

killed-steel practice 329, 397 

rimmed-steel manufacture. 329, 396 

semikiUed-steel manufac- 
ture 329, 397 

Mold coatings 

folds minimized by 493 

ingot molds 396 

scabs minimized by 493 

types of 354, ^3 

Mold ovens 

Steel foundry 871 

Mold practice 
basic electrie-are ftinwee 
pCQCess SSI 


open risers for. 872 

parting gates for 372 

pencil gates for 372 

permanent 384 

pop risers for 372 

ramming 371 

ring gates for 872 

risers for 870, 372 

runner cup for 371 

sand for 871 

semipermanent 884 

shell 884 

shower gates for 872 

skimmer gates for 872 

steel-base rolls 434 

steel casting 867-873 

step gates for 872 

strainer gates for 872 

striking off 871 

sweeps for 435 

swirl gates for 872 

top gates for 872 

vents for 870, 371, 873 

Washburn core for necking-down 

riser 873 

washes for 870, 871 

whirl gates for 872 

Williams core for riser 373 

Molecular formula 

definition 20 

Molecular weight 

calculation of 2T 

definition T 

Molecules 

associated • 

chemical nature of 6 


Monolithic refractories (see 
"Castable refractories,” also 
••Ramming mixtures," also 
"Refractory concrete") 


Monongahela series 

coal 66 

Monotron hardness test 

principle of 001, 902 

Monticellite 

composition 105 

melting point 105 

Moore furnace 

direct-arc electric 335 

Morgan mills 

principle of ^22 

wire-rod rolling 675, 678 

Morocco 

French (see ••French Morocco") 
Moroccan Iron ores 

geologic age of 142 

Mortars 

air-setting 185 

heat-setting 105 

open-hearth uses 200 

refractory 785 

Motor benzene 

U|dit-oil fraction 127-181 

uses for 138 


Motor blocks 

wire-drawing 684, 691 

Motor effect 

induction furnace phenome- 
non 257 


Motor fudi 

benzene 

light oil as source of. 


128, 129, 181 

m 
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Motor-*generator teti 

drives for •454*459 

hot*8trip mill 593 

principles of 49 

rever^g*mill power supply 

from 454 

Motor rooms 

hot«8trip mill 593 

ventilation of 459 

Motor springs 

characteristics of 722 

Motors 

electric (see “Electric motors") 
Movement 

alloy tool steels 839 

Muck bar mill 

wrought-iron rolling 213 

Muck bars 

wrought iron 213 

Mud buggies 

coke oven 108, 110 

Muffle annealing 

wire 705 

Muffle-type furnaces 
heat-treating appli- 
cations 412, 413, 415 

Mule 

car-dumper auxiliary 242 

Mullite 

alumina-silica system com- 
ponent 191 

composition 181, 191, 192 

ferrous oxide-alumina-silica 

system component 192 

fused, electrocast 184 

lime-alumina-silica system 

component 193 

manganous oxide-alumina- 

silica system component 196 

potassium oxide-alumina- 
silica system component..... 195 
sodium oxide-alumina-silica 

system comi>onent 194 

Mullite brick 
basic electric-arc-fumace 

roof refractory 200 

characteristics 181 

Multiple-wear wheels 568 

Multiplying factors 
hardenability calcula- 
tions employing 826, 829, 830 

Music wire 

characteristics of 714 

Music Wire Gage 

tabulation 930-931 

M.W.a (see "Music Wire Gage") 

n-Decane 

light-oil constituent 123 

n-Heptane 

light-oil constituent 123 

n-Heptylene 

light-oil constituent 123 

n-Hexene 

light-oil constituent 123 

n-Hexylene 

light-oil consUtuent 123 

n-Nonane 

light-oil constituent 123 

n-Gctane 

light-oil constituent 123 

n-Petane 

light-oil constituent ........... 123 

n-Propyl benzene 

light-oil consUtuent * 123 

Nail machines 

principles of * 717 

Nails 

eat {see"Catnallsr*> 


mold erosion minimized hy.... 270 
wire (see “Wire naUs") 

Naphtha 

cleaning agent 621 

petroleum product 72 

Naphthalene 

crystallization control 137 

distillation for recovery 137 

light-oil consUtu- 
ent 123, 126, 131 

light-oil crude-residue consU- 

tuent 123 

recovery in light-oil 

processing 124, 137 

removal from coke-oven gas. . . 124 
tar constituent 113, 132, 133 


uses for 138 

Naphthas 

solvent (see “Solvit 
naphthas") 

Naphthene-base crude 

petroleum 72 

Naphthenes 

light-oil constituents 123 

Naphthols 

tar constituents 132 

Narrow strip 

rolling mills for 545 

Native iron 1 

Natural fluxes (see *Tluxes") 

Natural fuels 

definition 51 

Natural gas 

air required for combus- 
tion 57, 81 

benzene content 81 

carbon -dioxide content ......57, 75 

carburizing agent 815 

cement-industry consumption 

of 179 

characteristics 75 

coal equivalent 84 

combustion characteristics ..... 80 

combustion of 75 

combustion products of 57 

combustion products with air. . 81 

composition 57, 75, 81 

consumption 75, 84 

early use in steel industry 74 

ethane content ..57, 75, 81 

ethylene content 81 

fields 75 

flame temperature 81 

flue products of combustion. ... 57 
geologic structures associated 

with 75 

heat content of combustion 

products 86 

heating value 75, 81 

historical use of 74 

illuminants 81 

methane content 57, 75, 81 

nitrogen content .57, 75, 81 

occurrence 75 

open-hearth lu^ 303 

origin of 75 

oxygen content 57, 75 

portland-cement-industry con- 
sumption of . . . • 179 

production of 51,74 

products of combustion 57, 81 

properties 81 

reformed (see "Reformed 
natural gas") 

Qieciflc gravity 81 

sulphur in 75 

theoretical flame temperature^. 81 
utUization .*74 80 


Netural magnesite 

constituents 181 

Natural magnets 36 

Neck 

blast-furnace 226, 227 

puddling-furnace 211 

rolls 431 

Necked-down risers 

Washburn core for 373 

Necking down 

tension-test phenomenon 891 

Negative charges 

electrostatic 38 

Negative segregation 

ingot phenomenon 395 

Negaunee iron formation 

Marquette range ]153 

Neodymium 

atomic number 8 

atomic weight 8 

melting point 8 

symbol 8 

Neon 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Nephelite 

sodium oxide-alumina-silica 

system component 194 

Neptunium 

atomic number 8 

atomic weight 8 

symbol 8 

Nernst’s law of distribution 

open-hearth application 325 

Net heating value 

fuels, definition 53 

Neutral fluxes 

fluorspar 173 

sizing 173 

Neutral point 

definition 389 

Neutral slags 

electric furnace 839, 853 

Neutralization 

chemical 26 

Neutralizing still 

pyridine-base recovery 121 

Neutrons 7, 11 

Nevada 

iron ores 149 

New Jersey 

iron ores 145 

New Mexico 

iron ores 149 

New York 

iron ores 142, 145 

Newfoundland 

iron ores 141, 142 

Newton-meter 

definition 33 

Nl-resist 

composition 382 

Nib 

wire-drawing dies 689 

Nick-and-break tests 

rails 528 

Nickel 

addition to sted 202, 203 

alloys with iron 1 

atomic number 8 

atomic weight 8 

austenite former 794 

blast-furnace behavior itf...... 253 

lulling point «... 8 

content in meteorttes...., I 

•lectroplathig baths for.*..,*.* 621 
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Kidcel <cont.) 

emissivity factor 59 

ferrite strengthener 8S4 

iron •casting properties 

influenced by 380 

iron-ore constituent 144 

melting point 8 

meteoric iron containing 1 

multiplying factors for 830 

natural alloys with iron 1 

open-hearth behavior of 322 

residual element in carbon 

steel 825 

scrap constituent 205 

sources for addition to steel. ... 203 

stainless-steel constituent 855 

Steel castings’ content of 368 

sulphur deleterious to 

steels containing 859, 860, 866 

symbol 8 

tempering rate influenced by . . . 832 
Nickel -iron alloys 

natural 1 

Nickel oxide 

addition agent 203 

Nickel-plated steel 

emissivity factor 59 

Niobium 

atomic number 8 

atomic weight 8 

melting point 8 

symbol 8 

Nitrate radical 

composition 22 

Nitric oxide 

composition 23 

Nitriding 

principles of 815 

temperatures for 815 

Nitrogen 

acid -Bessemer process behavior 

of 277 

acid -Bessemer steel content 

of 364 

aging related to 822 

atomic number 8 

atomic weight 8 

austenite former 794 

basic open-hearth steel content 

of 364 

blast-furnace behavior of 251 

blast-furnace gas con- 
stituent ...54, 57, 79, 81 

boiling point 8 

carburetted-water-gas 

constituent 81 

coal constituent 113 

coke-oven gas con- 
stituent 57, 79, 81, 113 

combustion product 53, 57, 81 

duplex-process steel constit- 
uent 362, 364 

evolution in coking 113 

flxation by aluminum 280 

flue product of combustion. . .53, 57 
light-oil constitu- 
ent 122, 123, 127 

liquid nitrogen as coolant. ..... 90S 

melting point S 

molec\dar weight 33 

natural-gas constituent ...57, 75, 81 

occurrence of SO 

oil-gas constituent 31 

oxides of 23 

passivity to steel 414 

pneumatic-process role of. .266, 268 

producer-gas constituent 81 

product of combustion.. *53, 57 
ptoperties of 30 


INDEX 

side-blown process control of. . 885 

speciflc gravity 30, 53 

stainless-steel constituent 855 

symbol g 

tar constituent ” 132 

Thomas-process control of 283 

Thomas-process steel constitu- 
ent 281 

top- blown oxygen steelmaking 

processes control 286 

Nitrogen-containing compounds 
products of primary breakdown 

of coal 113 

Nitrogen fixation 

aluminum for 280 

Nitrogen pontoxide 

composition 23 

Nitrogen peroxide 

composition 23 

Nitrogen trioxide 

composition 23 

Nitrous oxide 

composition 23 

Nodular fireclays 

characteristics of 181 

Nodular iron castings 

addition agents for 381, 384 

cerium additions for 

making 381, 384 

magnesium additions for 

making 381, 384 

mechanical properties 384 

Non-aging steels 

deoxidation for producing 822 

Non-banded coals 63 

Non-conducting bottoms 

electric-arc furnaces 334 

Non-conductors 

electrical 17 

Non-cumulative-type wire- 
drawing machines 

principle of 692, 693 

Non-ionic valence 21, 22 

Non-luminous flames 58 

Non-metals 

definition, chemical 6 

Non -oriented steels 

electrical sheets of 848 

Non-rotating hoisting rope 

construction of 719 

Nonane 

light-oil constituent 123 

Nondestructive testing 
heat- and corrosion-resistant 

steel castings 377 

methods for .926-927 

steel castings ..373, 377 

Nonelectrolytes 

definition 21 

Nonmetallic bearings 

rolling-mill 426 

Nonmetallic inclusions 
electric melting minimizes 

formation of 339 

elongation during working. .... 887 
grain-growth inhibited by 
suitable draperslons of. . . .794, 796 

Ingots contaiiiing 391 

open-hearth steel 329 

oxygen compounds in.. 829 

radiographic detection •..•«926, 927 

sources of in steel 329, 395 

sulphur compounds 329 

Normalize-and-draw treatment 

steel castings 374 

Normalized tubing 
surface characteristics 768 

Normalizing 

sBoy steels tt3 


bsrs 861 

carbon steels 822 

forged -steel rolls 437 

furnaces for (see ’'Normalizing 
furnaces*’) 

plates 516 

purposes of 813 

steel castings 374 

temperatures for 813 

tubular products 765, 766 

wheels 577 

wire 702 

Normalizing fximaces 

insulating fire brick for 401 

pit- type 416 

plate-mill 516 

types of 416, 417 

North Africa 

iron ores 142 

North America 

iron ores 140, 141 

North Korea 

iron ore 140 

North pole 

magnetic 86 

Northeastern U. S. iron ores 

production 145 

Northern foundry pig iron 

composition ranges 221 

Northrup furnace 

induction type 335 

Norway 

iron ore 140 

Nose 

converter 271 

Isothermal transformation 

diagram 798 

Notch -back control 

rolling-mill drives 455 

Notch sensitivity 

acid -Bessemer steel 280 

stainless steels 868 

Notch toughness 

high-strength steels. . . .844, 845, 846 
Notched-bar impact tests (see 
’’Impact testing”) 

Notched specimens 

fatigue testing 911 

impact testing 904, 905 

Nozzle-mix burners 

liquid-fuel 74 

Nozzle-retaining plate 

steel ladle 316 

Nozzles 

Catalan process 207 

ladle 316 

pyrometric cone equivalent... 186 

service requirements 200 

Nuclear changes 

deftnition 11 

Nuclear mass 7 

Nucleus 

atomic 7 

Nugget pot 

iron-base roll casting 440 

No. 1 carbolic oil 

constituents of 133 

No. I rails 529 

No. 2 carbolic oil 

constituents of 133 

No. 2 iron 

definition 214 

No. 2 rails 529 

No. 3 bar 

definition 214 

O.P. patenting 

wire 206 

0«t3rpe housings 

rolUng-mUl 487 
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o*>Xyleiie 

light-oil ccmstltuent 123 

Oceania 

Iron ore 140 

Octagonal bars 

roll passes for 548, 549 

Octane 

light-oil constituent 123 

Octane number 73 

Octylene 

light-oil constituent 123 

Offset method 
yield-strength determina- 
tion 888, 889 

Offtake pipes 

coke ovens 93, 105 

Offtakes 

blast-furnace 226, 230, 232 

top openings for 226 

Ohm 

definition 40 

Ohm's Law 41 

Ohio 

iron ores 142 

Ohio siderite iron ores 
geologic age of 142 

oa 

crude (see ‘Tetroleum”) 
light (see “Light oil”) 

quenching in 811 

Oil baths 

tempering in 812 

Oil blackening 

steel -surface treatment 625 

Oil aim 

tin-plate 644, 650 

OU finish 

long temes 657 

Oil gas 

air required for combustion. ... 81 

benzene content 81 

carbon dioxide content 81 

carbon monoxide content 81 

combustion products 81 

composition 81 

ethylene content 81 

ffame temperature 81 

heating v^ue 81 

hydrogen content 81 

methane content 81 

nitrogen content 81 

oxygen content 81 

products of combustion 81 

properties 75, 81 

specific gravity 81 

theoretical flame temperature. . 81 
Oil mids 

definition 650 

Oil quenching and tempering 

wheels 569, 877 

Oil-well casing 

APX classifications for 782 

collapse-resistance test for 781 

joints for 782, 783 

long-coupling type 782 

aeamlesB buttress-thread joint 

for 782 

seamlen tubes 739 

testing of * 781 

types of * 782 

Oil-weU drill pipe (see *T)rill 
pipe”) 

on-well tubing 

Joints for ..782, 783 

seamlesi tubes 739 

Oilers 

plckling-line •••999, 600 

Oiling 

bare 854 

tiecttcJ^ tin plate 043 


electrostatic procees lor 643 

emulsion process for.... 643 

hot-dipped tin plate 650 

pipe 782 

tin plate 643, 650 

Oils 

carbolic (see “Carbolic oils”) 

cottonseed 643 

palm (see “Palm cdl”) 

slushing 627 

Old high bloomery (see 
“Stuckofctt”) 

Old-process patenting 

wire 706 

Oleflns 

light-oil constituents... 122, 123, 127 
products of primary break- 
down of coal 113 

Olivines 

block forms as refractories. .... 183 

formula 181 

refractory characteristics 194 

Olsen cup test 

galvanized sheets 672 

principle of 924 

lA Charcoal tin plate 

coating weight of 636 

One-hundred per cent rail joint. . 529 
One-minute wire 

definition 711 

One-way-fired soaking pits 

principle of 402 

One-wear wheels 568 

Ontario 

iron ores 142, 152 

Ofilitic hematite 

Birmingham District 145 

iron ore 139 

Opaque attritus 63 

Open-bottom ingot molds 

bit-end-up 391, 392 

Open-hearth furnaces 
acid (see “Acid open-hearth 
furnaces”) 

air infiltration In 305 

air preheating for 297 

bank maintenance 184 

baric (see “Baric open-hearth 
furnaces”) 

bottoms for 288, 297, 298, 

299, 318, 319 

breakouts 319 

buckstays 298 

bulkhead 297 

burner arch 298 

burners 304, 310 

campaign defined 299 

Campbell tilting type 359, 361 

capacities of furnaces 288 

cellar 298 

charging 308, 309 

charging boxes 290, 293 

charging doors 297, 298 

charging floor 290 

dharging-floor cranes 290, 292 

charging machine 291, 292, 293 

charging ride 290 

checkers (tee “Regenerators”) 

chiU 297 

cooling of skewbaeks 303 

cranes 2M, 292 

crew for operating 308 

dampers .297, 298 

doc^uft 304 

door cooling 301 

door lining 184, 301 

doors 200, 297, 298, 301 

end 304 

fans 291, 297, 305, 306 

fontafl dues 897, 298 


fantails 304 

forced-draft fans 291, 297, 305 

foundry use of 366, 367 

front wall ....184, 297, 298, 299, 301 

front-wall maintenance 184 

fuel-oil flred 303 

fuel ports 304 

fuels for 74, 287, 303 

furnace attendants 308 

furnace capacities 2^ 

furnaces in U. S 296 

gas port 303 

gaseous-fuel burners 304 

gaseous fuels 287, 303, 305 

historical 287-289 

hot-metal ladle 291 

hot-metal mixers 292 

induced-draft fans ....291, 297, 306 

ingot run 291 

instrumentation 320 

Insulation . . . .298, 301, 303, 304, 305 

Isley system applied to 307 

Jet tapper for 314 

knuckle 298, 302, 303 

ladles 292, 315 

lean-to 291, 293 

liquid fuel burners 304 

liquid fuels for 74, 303 

locomotives 290 

main roof 302, 303 

maintenance 184, 318 

melter foreman 308 

mixer building 292 

mold yard 291, 293 

monkey walls 304 

natural-gas fired 303 

oil-fired 303 

operating principles.... 287, 308, 313 
operation (see “Open-hearth 
processes”) 

pan bottom 298 

pit scrap 308 

pit ride 292 

plant layout 289 

port ends 304 

port roofs 298, 302, 303, 304 

port ride walls 304 

port slope 298, 304 

ports 296, 303 

pouring floor 292 

pouring platform 291, 292 

pouring-ride crane 290 

preheating gaseous fuel 303 

principles of 287 

processes carried out In (see 
“Open-hearth processes”) 
producer gas fired. 287, 303, 304, 305 

rammed bottoms for 299 

refractories for (see “Add 


open-hearth furnaces,” also 
“Baric open-hearth fur- 
naces”) 


refractory requirements 288 

regenerators for (see “Regen- 
erators”) 

repair 

318 

reversing 

...28T, 305. 320 

ribbed ring roofo.... 

302. 303 

ring rocxfi 


rise of roof 

303 

roof brick 

189, 304 

roof life 

319 

roofs 

..m 303. 303 

run-off notch ........ 

300 

eerep drop 

294 

sealing wirile 

,..301. 303, 305 

second helper 

308 

rintered bottoms 

399, 300 

skewback ehanndli . 

199. 301 

akewback cooling ... 

S03 
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Open-hearth fumacea icont,) 

akewbacks 298, 299, 303 

slag pockets 297, 298, 304 

slag thimble 291 

idag yard 294 

sloping back wall 298, 299, 303 

solid bottom 298 

spout cranes 292 

stacks 297, 298, 306 

steel ladles 291, 315 

steelmaking in (see **Open- 
hearth processes") 

stock yard 291, 292 

stripper building 294 

struts 298 

studs for doors 301 

l^pports for 297 

tank 304 

tap hole 299. 300 

tapping-hole casting 300 

tapping spout 298, 299, 300 

third helper 308 

tie rods 298 

tilting types 288, 359 

trackage 290, 293 

two level shop 290 

uptakes 297, 298, 303, 304 

v^ves 297, 298, 305 

waste-heat boilers 

for 88, 293, 297, 306 

water-cooled skewbacks 303 

Wellman tilting type 359 

wicket 301 

wind box 304 

wing walls 303, 304 

Open-hearth processes 
acid (see "Acid open-hearth 
process") 

advantages of 288 

analytical methods for 

control 324, 331 

basic (see "Basic open-hearth 
process”) 

Bertrand -Thiel process 288 

Campbell process 288 

catching heats on the way 

down 331 

chemistry of acid process 332 

chemistry of basic process.. 321, 329 

combustion air preheating 297 

combustion control 310, 320 

combustion improvement in... 310 
duplex processes. ..145, 359, 360, 361 

feed ore for 151 

furnaces for (see "Open-hearth 
furnaces") 

hearth area related to produc- 
tion rate 321 

heat balance 85 

heat time 313 

heat transfer from flame — 311* 312 

hot-metal consumption 204 

Monell process 288 

oreing down 330 

oxidation of charge 310 

oxygen sources for process. 309, 321 

pig-and-scrap process 288 

pig irons for 221 

pigfifing up 330 

positive pressure operation.... 305 

pouring steel 294 

power consumption per ton of 

ingots produced ^ 

production rate 320 

purchased scrap for 205 

roof temperature attained 187 

sampling of ba&... 312,313 

scrap consumption 204, 205 

Krap for 205, 308, 809 

scrap mddatioii in 810, 322 


INDEX 


slags (see "Open-hearth slags") 

steel tapping temperature 314 

steel types produced in 313 

Talbot process 288 

topping 

tapping temperature 314 

teeming operations 294 

temperature control 324 

temperature considera- 

^ tions 3U. 312, 313 

Open-hearth slags 
acid (see "Acid open-hearth 
process") 

analytical methods for 313 

basic (see "Basic open-hearth 
slags") 

blasi-fumace use of 223 

composition 322, 323 

composition control 311, 312, 313 

flash off 309, 311 

functions of 174 

iron content 223 

manganese in 223 

run off 309 

sampling 313 

Open-hearth steels 
acid (see "Acid open-hearth 
steels") 


aUoy-steel compositions 827-829 

basic (see "Basic open-hearth 
steels") 

inclusions In 329 

nonmetalllc inclusions in 329 

plain carbon steels 816, 817, 818 

production, annual 269 

tin plate made from 632 

Open-pit iron-ore mining 

advantages 161 

blasting methods ICO 

draglines 161 

drainage systems 160 

drilling for blasting 160 

economic considerations 158 

electric power distribution 161 

equipment for 161 

haulage systems 158, 160, 161 

Lake Superior District 158 

locomotives 161 

Mesabi-range practices 156 

methods for 146 

overburden removal 158 

safety precautions 161 

scramming 160 

shops 161 

shovels 161 

stripping removal 158 

tracks 161 

transportation prob- 


trucks 158, 161 

Utah practices 150, 152 

waste dumps 160 

Open risers 

foundry mold 372 

Open-square passes 

bar mills 546 

rolling-mill rolls 432, 546 

Open sloping methods 
iron-ore mining 167 


Open- top housings 

rolling-mill 

Open-top ingot molds 

big-end-down 

Open-top ladles 
molten pig-iron transport. 
Open work 

coal mining 

Opening 


.... 427 
.391, 392 
.... 237 
.... 65 
.... S85 


"Opening up" 

rod mills 683 

Optical extensometers 

tension-test use of 884-885 

Optical pyrometers 

principle of 34 

Orbits 

electronic 7 

Ore boats 

capacity 170, 242 

draft 242 

Hulett unloaders for 241, 242 

loading 242 

speed of 242 

theoretical cargo 170 

unloading rigs for 242 

Ore boil 

acid electric-arc furnace 

process 355, 356 

dry-bottom duplex process 362 

open-hearth process ...311, 313, 322 

Ore bridges 

blast-furnace plant 242, 243 

Ore yard 

blast-furnace plant 242 

Oreing down 

acid open-hearth heats 330 

Ores 

iron (see "Iron ores") 


manganese (see "Manganese 
ores") 

tin (see "Cassitexite") 
Organic chemistry 


deflnition 19 

Organic coatings 

application methods 629 

asphaltum finishes 629 

characteristics of 618 

cleaning surfaces for 629 

components used in compound- 
ing 628 

drying of 629 

enamels 629 

japans 629 

lacquers 629 

ovens for drying 629 

paints 629 

polymerized coatings 629 

preparation of surfaces for. 621, 629 

roller coating 629 

spraying 629 

temporary types 627 

varnishes 629 

xylenes in 127 

Organic compounds 

coal constituents 113 

Oriskany iron ores 

geologic age of.... 142 

Orissa hematite Iron ore 

geologic age of 142 

Ortho cresol 

distillation for recovery 136 

uses for 137 

Orthophosphoric acid 

chemical formula 30 

Orthorhombic unit cells 12 

Orthosilicic acid 

chemical formula 29 


Osmium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Osmund furnace 

characteristics of 208 

Ottawa sand 

blast-cleaning agent 356 
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Outside-mixing buraeri 

liquid-fuel 74 

Oval passes 


Oval-round passes 

rolling-mill roils 432 

Ovens 

coke (see ‘‘Beehive coke oven/' 
also “Coke ovens”) 

core baking 371 

drying addition agents in 342 

drying converter bottoms in. . . . 270 

drying organic coatings 029 

hot-top drying 343 

mold drying 371 

stopper-rod drying 343 

wire- mill (see “Bakers”) 

Overaging 

carbon steels 822 

Overblowing 

acid-Bessemer process 78 

Overburden 

removal in open-pit mining.... 158 
Overfills 

causes of 558 

wheel 577 

Overfired stokers 88 

Overflowed rolls 

rolling-mill 440 

Overhand sloping 

iron ore mining 170 

Overhang section 662 

Overhead-monorail-type furnaces 
heat-treating applications ..... 419 
Overheating 

ingots 398 

Overpickling 

causes of 555, 599 

Oxidation 

acid open-hearth reactions 

involving 332 

basic electric-arc furnace proc- 
ess reactions involving 352 

carbon in acid electric-arc 

furnace 356 

carbon in air furnace 381 

carbon in open-hearth 

process 310, 311 

chemical 20 

manganese in acid-Bessemer 

process 277 

manganese in acid electric-arc 

furnace 356 

manganese in air furnaces 381 

manganese in open -hearth.. 310, 311 

open-hearth charge 310, 322 

open-hearth reactions 

involving 287, 322 

phosphorus in open-hearth.... 311 
scrap in acid electric-arc 

funiace 355 

side-blown process progress 

of 284 

silicon in acid-Bessemer proc- 
ess m 

silicon in acid electric-arc 

furnace 356 

silicon in air furnaces 33} 

silicon in open-hearth 310, 311 

steelmaking reactions 

involving 266 

Thomas-process progress of — 282 

tin purification by 631 

Oxide coatings 

steel treats to produce 025 

Oxide films 

stainless-steel pasidvatton by . . . 805 

tin plate * 050 

Oxide layer 

tin plate ..640,650 


Oxide removal (see “Descaling,” 
also “Grit blasting,” also 
“Pickling,” also “Sand blast- 
ing,” also “Shot blasting”) 
Oxidizing compounds 
corrosion phenomena related 

to 015, 616 

Oxidizing slags 
basic electric-arc furnace 

process 354 

Oxygen 

acid-Bessemer process role of. . 277 

aging related to 822 

atomic number 8 

atomic weight 8 

basic electric -arc furzuice proc- 
ess sources of 352 

blast-furnace behavior of 250 

boiling point 8 

carbon content of liquid steel 

related to 328 

carbon in molten steel reacts 
with during cooling...... 393, 394 

carbon reactions with 250 

carburetted water-gas constit- 
uent 81 

coke-oven gas constit- 
uent 57, 79, 81, 113 

combining weight 7 

combustion-air enrichment 

with 58, 86, 259 

combustion reqiiirements of 

gaseous fuels 53 

content of Earth’s crust 0 

corrosion phenomena related 

to 615, 616 

decarburization caused by 414 

enrichment of combustion 

air 58, 88, 259 

hot-scarfing fuel 498 

ingot structure dependent 

upon steel content of 393, 394 

light-oil constituent ...122, 123, 127 

melting point 8 

molecular weight 53 

natural-gas constituent 57, 75 

nonmetaUic inclusions arising 

from 829 

occurrence of 28 

oil-gas constituent 81 

open-hearth combustion aid... 321 
open-hearth process 

sources of 309, 312, 313, 321 

pneiuna tic-process role of 266 

producer-gas constituent 81 

properties of 28 

removal from steel (see 
“Deoxidation”) 

scaling of steel In .596, 597 

scaling rate of steel in 414 

scarfing fuel 498 

side-blown process use of 285 

solubility In molten iron 326 

specific gravity 53 

steelmaking processes using. ... 285 

symbol 8 

tar constituent 132 

Thomas-process role of 282 

Thomas-process steel constit- 
uent 281 

top-blown oxygen steelmaking 
process consumption per ton 

of steel 286 

top-blown oxygen steelmaking 
process requirements 285 

water-gas constituent 81 

Oxygen-blown basic steelmaking 
processes 

principles of 885 


Oxygen-bomb calorimeters 


principle of 53 

Oxygen-enriched air 
acid-Bessemer process use of.. 279 

blast-furnace blast 259 

open-hearth applications 

of .....310, 321 

side-blown process use of 285 

Thomas process use of 283 

P & A tar extractor 117 

P.C.E. test (see “Pyrometric 
cone equivalent”) 
p-Xylene 

light-oil constituent 123 

Pabst fragmental formation 

Gogebic rarge 

Pack -annealing furnaces 

bell-type 416 

Pack carburizing 

principles of 814 

Pack furnaces 

sheet-mill 596 

Pack mills 

definition 594 

Packaging 

bar -mill products 559-560 

cotton tie 558 

Packed-ram machines 

tension-test 883 

Packs 

definition 594 

doubling for hot rolling 594, 596 

numbers of sheets in 595 

opening 595 

shearing of 596 

Padding 

steel castings 367, 434 

Paint rock 

iron ore 156 

Paints (see “Organic coatings”) 

Pair furnaces 

sheet bar heating in 594 

Pairs 

definition 594 

Palladium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Palm oil 

hot-dip tinning process use of. . 635 
pickled flat-rolled products 

treated with 600 

tin plate oiled with 650 

Palms quartzite 

Gogebic range 155 

Pan bottom 

open hearth 298 

Pancakes 

slag 355 

Pantograph 

plate fUune-cutting 513 

P^affin-base crude 

petroleum 72 

Paraffin wax 

petroleum product 72 

Paraffins 

light-oil constituents ..122, 123, 126 
products of primary breakdown 

of coal 113 

tar constituents 132 

Paragonah deposits 

iron ore 149 

Parameters 

lattice, crystals ......13,14 

Paris Cage 928 

Parkei'iring process 


galvanized coatings treated by. 626 
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Parkerizing process (cont.) 

principle of 626 

Partial oxidation practice 
acid electric-arc furnace proc- 
ess 355 

Parting gates 

foundry mold 372 

Parting sand 

steel foundry use of 371 

Pass guides 

rolling-mill 433 

Passes 

roll (see ^'KoU passes’*) 

Passenger-car wheels 568 

Passivation 

stainless steels 865 

Pa^vity 

mechanism of 615 

Patenting 

wire 701, 706 

Patterns 

drawing from molds 371 

lifting screws for drawing 371 

steel casting 367 

Pay-off devices 

wire-mill 694 

Fay -off reels 

wire-mill 694 

Pear-head rails 523» 524 

Pearlite 

austenite transformation to..«. 798 

characteristics of 790 

pig-iron constituent 378 

properties of 800 

steel constituent 790 

wrought-iron constituent 218 

Peat 

characteristics of 62 

composition 62 

origin 62 

Peeling 

basic brick 199 

checker brick 189 

chrome-magnesite refractories. 199 

fireclay refractories 189 

magnesite-chrome refractories. 199 

tube rounds 740 

Peephole 

blast-furnace 226» 227 

Pellet tests 

scrap 205, 351 

Pelouze and Audouin 

tar extractors 117 

Pencil gates 

foundry mold 372 

Penetrascope 

principle of 901 

Pennsylvania 

iron ores 145 

Penokee-Gogeblc iron-ore range 

location 153 

Pentane 

light-oil constituent 123 

Pentene 

light-oil constituent 123 

Perforations 

detection in tin plate 644 

Periclase 

composition 135 

lime-magnesia-silica system 

component 138 

melting point 187 

Periodic kibis 

refractory firing 184 

Periodic table 

chemical elements 3» 10 

Periodicity 

chemical elements 3 

Permanent induced 
^ctrostatic charges 39 
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Permanent magnets 36 

Permanent molds 

iron casting 384 

Permeability 

definition 852 

magnetic (see *'l^gnetic 
permeability”) 

refractories 187 

Persia 

iron ores 142 

Peru 

iron ores 140 

Peter Stubs* Gage 

historical 928 

Petrographic constituents 

coal 62 

Petroleum 

aromatic crudes 72 

catalytic conversion processes 

for refining 72 

coke residue from refining.... 72 

constituents of 70, 72 

consumption of 51, 70 

distribution 70 

fuel applications (see *Tu^ 
oil”) 

gasoline from 72 

geology 70-72 

grades used as fuels..... 72 

hydrocarbon constituents of... 72 

kerosene from 72 

lubricating oil from 72 

mixed -base crudes 72 

naphtha from 72 

naphthene -base crudes 72 

natural crude petroleum as 

fuel 72 

occurrence 70 

origin 70 

paraffin -base crudes 72 

paraffin wax from 72 

pilch from 72 

production 70 

products from 72 

raw petroleum as fuel 72 

refining 72 

reserves 70 

sources 70 

specific gravity 72 

tar from 72 

transportation of 72 

uses of 51 

wax in 72 

Petroleum absorbing oil (see 
“Wash oil**) 

Petroleum derivatives 
addition agents 203 


Petroleum wash oil (see “Wash 
oil”) 

Phase changes (see “Phase 
diagrams’*) 


Phase diagrams 

alumina-silica system 191 

binary systems 24, 25 

copper-silver 25 

determination of, method 24 

ferric oxide-lime system 326 


ferrous oxide-alumina-silica 

system 133 

ferrous oxide-manganous 

oxide-silica system 326 

ferrous oxide-silica-lime 

system 3w 

gold -silver 24 

interpretation 24 

iron-carbon-manganese system, 794 
iron-carbon system 791, 792 


iron -chromium-carbon 
system 


. 858 , 859 


iron-chromium-nlckel 

system 856» 857, 858 

Iron-chromium system .,,.854. 856 
iron-iron carbide system.... 791, 792 

iron-molybdenum system 794 

iron-tin system 645 

iron-zinc system 664 

linie-aliimina-silica system .... 193 

lime-ferric oxide system 326 

lime-ferrous oxide-siUca 

system 825 

manganous oxide-ferrous 

oxide-silica system 326 

methods of determining 24 

refractory-oxide systems ...191-198 

significance 24 

silica-ferrous oxide-manganous 

oxide system 326 

silica-lime-ferrous oxide 

system 325 

silver-copper 25 

silver-gold 24 

steel 792-794 

ternary systems 26 

tin-iron system 645 

zinc-iron system 664 

Phases 

definition 24 

Phenanthrene 

tar constituent 132 

Phenol 

batch carbonating system for 

recovery 134 

batch caustlcizers for recovery 

of 136 

batch rectifier for recovery.... 134 

burned lime in recovery of 135 

calcium oxide for recovery.,.. 135 
carbon dioxide for 

recovery 134, 135 

carbon dioxide for springing... 134 
caustlcizers for recovery of.... 136 
concentration in ammonia 

liquor 120 

continuous caustlcizers for 

recovery of 136 

distillation for recovery 136 

light-oil constituent 123, 127 

recovery of 120 

sodium hydroxide in recovery 

of 136 

sodium phenolate as source of. 134 

solvent extraction process 121 

Springing 134 

sulphuric acid for springing... 134 

tar constituent 132 

uses for 137 

vapor-recirculation process for 

recovery of 120 

Phenol-sulphonic acid baths 

electrolytic-tinning in 637, 630 

Phenolic compounds 
products of primary break- 
down of coal 113 

PhenoUc-resln bearings 

rolling-mill 426 

Phlogiston 33 

Phosphate radical 

composition 22 

Phosphoric acid 


soil -conditioner constituent ... 177 
Phosphoric acid anhydride 
acid open-hearth slag constit- 


uent 331 

duplex process slag constit- 
uent 362, 863 

open-hearth slag constit- 
uent * 322, 323 
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Fho^horuji 
acid*Be8semer process 


behavior of 

.267, 278 

acids formed by*... 

.... 80 

addition to steel 

.... 203 

atomic number 

.... 8 

atomic weight 

.... 8 

basic electric-arc furnace 


process oxidation of 

.... 352 

basic open-hearth slag constit- 

uent 

.... 145 

basic ore containing 

.... 144 

Bessemer ores graded by 


content of 

.... 144 

black 

.... 80 

blast-furnace behavior of. . 

.... 252 

blast-furnace reduction of. 

.... 250 

boiling point 

.... 8 

burned -dolomite constituent... 173 

bumed-Ume constituent ... 

.... 173 

carbon in pig iron influenced 

by 

.... 251 

coke constituent 90, 

256, 257 

dolomite constituent 

.... 173 

duplex-process slag constit* 


uent 

.... 145 


duplex steelmaking processes 

for eliminating 359-364 

electric melting furnace 

behavior of 338, 339 

ferrite former 794 

ferrite strengthener 834 

ferromanganese constituent ... 202 
f errophosphorus constituent ... 203 
high-strength steel properties 

related to content of 846 

iron-ore constit- 
uent 140. 144, 145, 147, 151, 

157, 256, 257, 360 
limestone constituent. .173, 256, 257 

melting point 8 

multiplying factor 

for 826, 829, 830 

occurrence 30 

open-hearth oxidation 

of 289, 310, 322 

open-hearth slag compositions 

favoring removal 327 

orthophosphoric acid from..... 30 
oxidation in 

open-hearth 289, 311, 322 

pig-iron coz^t- 

uent 221, 251, 257, 361 

properties of 30 

pyrophosphoric acid from 30 

Ted 30 

reversion in basic electric-afc 

furnace process 352 

reversion in open-hearth... 313, 328 

segregation in ingots 395 

soil-conditioner constit- 
uent 145, 177 

specific gravity 30 

83rmbol 8 

Thomas-process behavior 

of 281, 282 

tin-plate constituent 645 

tin-plate stiffness related 

to content of 632 

white 30 

wire temper affected by 677 

wrought-iron constituent ...... 218 

yellow 30 

Phosphorus pentoxide 
add open-hearth slag constit- 
uent 331 

bittic electric-furnace dag 

component 855 

duplex-process slag constit- 
uent ...388; 868 


heat of formation.. 251 

open-hearth slag constit- 
uent 322, 323 

Photocells 

end point determination by.... 278 
Physical changes 

definition 11 

Physical chemistry 

definition 4, 19 

Physical metallurgy 

definition 4 

Physics 

chemical, definition 4 

definition 4, 32 

principles of 32-50 

Phyterala 

definition 63 

Piano wire 

characteristics of 714 

Pickled-finish tubing 

surface characteristics 766 

Pickling 

acids used for 621 

agitation beneficial in 598, 600 

alloy steel bars 553 

bar coils 554 

bars 553 

batch type (see “Batch 
pickling**) 

breakdowns 596-601 

chemistry of 597 

coiled bars 554 

continuous (see ^*Contlnuou8 
pickling**) 

control of 555, 597 

difTzculties in 555 

electrolytic (see “Electrolytic 
pickling**) 

electrolytic-tinning line 

equipment for 641 

flat-rolled products 596-601 

high-carbon steel bars 553 

hot-rolled breakdowns. 596-601, 633 

inhibitors 

for 555, 598, 599, 601, 688 

iron sulphate formed in 685 

long-teme base metal 656 

mechanism of ^5 

pipe for galvanizing 786 

pitting from 555 

rate-influencing variables 597 

rods 684 

semifinished steel for 

Inspection 496 

sheets 596-601, 668 

smudge from 555 

smut on pickled dieets 601 

solutions for 554 

stainless steels 553, 860, 861, 862 

stainless-steel bars 553 

strip 596-601 

sulphuric-acid solutions for. ... 496 
temperatures for. . .496, 555, 597, 688 

time required for .496, 688 

tubes for drawing .758, 759 

variables in 597 

wetting agents used in 598 

white (see “U^te plcldin^*) 

wire for galvanizing 707 

wire rods 684, 685, 687, 688 

Pickling racks 

bar-n^ 554 

Pickling tanks 

construction of ..553, 687 

heating of 554 

Pickling test 

bars W 

Plcolines 

light-oil constituents .......... 123 


recovery of 121 

refining of 121 

tar constituents 132 

uses for 138 

Piercing 

billets for hot extrusion 776 

double 743 

metal flow in 743 

Beamless tubes 424, 725, 741-743 

tubular-product 

manufacture 424, 725, 741-743 

Piercing mandrel 

Mannesmann machine 741 

Piercing processes 

seamless tubes 725, 741*743 

Pig 

definition ^ 3 

Pig-and-ore process 

open-hearth 287 

Pig-and -scrap process 

open-hearth 288 

Pig-boiling process 
wrought-iron manufacture..... 210 
Pig-casting machine 

principle of operation 238, 240 

Pig iron 

acid-Bessemer process 

requirements of 276 

acid open-hearth charge 

constituent 329, 330 

acid pig 221, 223 

alloy pig 223 

anthracite pig 223 

arsenic in 144, 253 

basic pig iron 220, 223 

Bessemer pig 220, 223 

cadmium entering from ore... 144 

carbon content affects melting 

point 377 

carbon content influenced by 

composition 251, 380 

carbon content influenced by 

hearth temperatures 251 

carbon content influenced by 

phosphorus 380 

carbon content influenced by 

rate of cooling 251 

carbon in 251 


casting machine for pigs. . . .238, 240 
castings made from (see “Iron 
castings’*) 

cementite in 378 

charcoal-hearth processes for 

purifying 209 

charcoal pig 223 

chrome-nickel pig 223 

chromium entering from iron 

ore 143 

classifications of 223 

cobalt entering from iron ore. . 143 

coke pig 223 

columbium entering from iron 

ore 143 

composition .221, 254, 257, 266, 

276, 279, 360, 361 
compo^tion affects melting 

point 377 

composition control 225 

composition vs. properties. . .378-381 

conversion pig irons 223 

coolant in acid-Bessemer 

process 275 

copper in ...144, 253 

cupola melting of 274, 381 

definition 221 

dephosphorization of molten. . . 273 
desulphurization of molten..*.. 278 

duplex iron 221 

ferrite In 378 

forge pig 223 
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pig iron (cont) 

foundry pig Iron 220^ 221 

foundry use for steel castings. . 366 

grades of 221, 223 

gray forge 221 

hearth-temperature effect on 

carbon content 251 

hematite pig 223 

high-phosphorus pig 223 

hot metal form 222 

importance 221 

indium entering from ore 144 

kinds of 220, 221, 223 

ladles for molten 237 

ledeburlte in 378 

low-phosphorus 220, 221, 223 

malleable pig 220, 221, 223 

manganese content for acid- 

Besseiner steelmaking 267 

manganese content vs. prop- 
erties 379 

manganese in 143, 251, 252, 

257, 267, 361 

manganese Influence on 

carbon content 251 

manganese reactions with 

sulphur in 252 

manufacture of (see “Blast- 
furnace process, “ also “Blast 
furnaces") 

melting in cupolas 274, 381 

melting methods for foundries. 381 

melting point affected by 
composition and tempera- 
ture 377 

molten (see “Hot metal”) 

nickel in 144, 253 

Northern foundry 221 

open-hearth charge constit- 
uent 308, 309 

origin of name 3 

pearlite in 378 

phosphorus content for acid- 

Bessemer steelmaking 267 

phosphorus content vs. 

properties 380 

phosphorus in 144, 251, 257, 

267, 361, 380 

phosphorus influence on carbon 

content 251 

pig-casting machine lor 238, 240 

pneumatic processes for con- 
version to steel 266 

production, annual 220 

properties affected by 

composition 378-381 

properties influenced by 

manganese 379 

properties influenced by 

phosphorus 380 

properties influenced by 

silicon 378 

properties influenced by 

sulphur 879 

puddling iron 221, 223 

raw materials required for 

production of one ton 254 

sampling molten iron 247 

selenium in 143, 253 

silicon content affects melting 

point 877 

silicon content for acid- 
Bessemer steelmaking ... — 267 
silicon content vs. properties. . 378 

siUcon in 143, 251. 257, 267, 

861. 377, 378 

Bilicon influence on carbon 

content * * • * 251 

silicon pig 223 

■ilvesy 221 


slag reactions with 254-255 

Southern foimdry 221 

special low-phosphorus 221 

sulphur content desired for 

steelmaking 252 

sulphur content for acid- 

Bessemer steelmaking 267 

sulphur content reduced by 

manganese 252 

sulphur content vs. properties. . 379 

sulphur in 143, 251, 252, 257, 

, 267. 361, 379 

tellurium in 253 

tin in 144. 253 

titanium in 143, 253 

titanium pig 223 

vanadium In 143, 253 

zinc entering from ore 144 

zirconium entering from iron 

ore 143 

Pig sticker 

pig-casting machine operation. 240 
Pigging up 

acid open-hearth heats 330 

Pilers 

hot-strip mill 587 

primary-mill 472 

tin-plate 634. 635 

Pilger rolling mill 
seamless-tube manufacture ... 739 
Piling 

electrolytic tin plate 644 

plates 513, 515, 516, 520 

wrought iron 213 

Pillars 

iron-ore mining 167 

Pin 

wire 686 

wire-rod 686 

Pin holes 

detection in tin plate 644 

Pindi rolls 

galvanizing-line 669 

Pinion housings 

roUing-mili 424 

Pinions 

converter 271 

rolling-mill 424 

Pinto-Iron Springs District 

iron-ore deposits 149-152 

location 149 

Piobert effect 

yield -point phenomenon 889 

Pipe (see also “Tubular products”) 

air-line pipe 726 

bar defect 557 

butt-weld process for 724, 725 

cast iron (see “Cast iron pipe") 

chamfering 778 

cutting 778 

defmition of 726 

double-expanded ends for 

welding 784, 785 

double extra strong 726 

Dresser-type joint for 784, 785 

drill (see “Drill pipe") 

drive pipe 726 

electric- weld processes for, .... 725 
expanded ends for weldmg.784, 785 

expanding 738 

extra strong 726 

field-testing method 781 

finishing operations on. .... .778-787 

fusion -welded 725, 736-738 

galvanizing 786, 787 

historical 724 

hot saws for 734 

hydrostatic testing of....... 780, 781 

ingot phenomenon ,.,.391, 393,394 
inspection of 780 


joints for (see "Pipe joints”) 


iarge-diamoter 736-738 

line pipe 726, 739, 782 

oiling 782 

sawing 734 

seamless (see “Seamless 
tubes”) 

sizes of 726 

sizing 738 

standard 785 

standard weight 726 

standards for 724 

straightening 730, 778 

testing 780-782 

threading 778-780 

threads for (see “Pipe threads”) 

upsetting ends of 782 

uses for 725 

varieties of 726 

VictauJic joint for 784, 785 

welded (see “Butt-welded 
pipe,” also “Electric- welded 
pipe") 

welding large-diameter 738 

Pipe couplings 

dope for threads 780 

electrogalvanizing 780 

finishing operations on 780 

gaging 780 

inspection 780 

thread dope for 780 

Pipe foundry castings 

metal for 384 

Pipe joints 

classes of 778 

double-expanded ends for 

welding 784, 785 

Dresser-type 784, 785 

expanded ends for welding. 784, 785 

external upset 782, 783 

flanged joints 784, 785 

internal upset 782, 783 

Hne pipe 782, 783 

oil-well casing 782, 783 

oil-well tubing 782, 783 

seamless buttress-thread 

for 782, 783 

standards for 778 

threaded-flange type 784, 785 

types of 782-786 

upsetting for 782 

uses of 782-786 

Vanstonc tsrpe 784, 785 

Victaulic-type 784, 785 

Pipe lines 

extent of 739 

joints for 784, 785 

Pipe mills (see **Tubular 
products") 

Pipe threads 

gaging 780 

Inspection 780 

standards for 724 

Pipeline enamels 

pitch for 132 

Pipelines 

natural-gas 74 

petroleum 72 

Pit covers 

soaking-pit 404 

Pit furnaces 

heat-treating application 416 

Pit granulation 

blast-furnace slags 174 

Pit scrap 

deflnition 308 

Pit side 

open hearth 292 

Pit-type loopers 

electrolytic-tinning line 340 
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Pitch 

blending for fuel 133 

carbon electrodes from 132 

fiber pitch from 132 

fuel applications 132 

ingot-mold coating 396 

petroleum product 72 

roofing 132 

source of 70 

tar constituent .113, 132 

tar mixed with for fuel (see 
‘Titch-tar mix”) 

uses for ..132, 133 

wire springs 720 

Pitch-tar mix 

air required for combustion... 73 

calorific value 73 

coal equivalent 84 

combustion 73 

combustion air for 73 

composition 73 

consumption 84 

heating value 73 

properties of 73 

Saybolt Universal Viscosity.... 73 

specific gravity, typical 73 

theoretical flame temperature.. 73 

ultimate analysis 73 

uses for 138 

viscosity 73 

weight per gallon.... 73 

Pits 

looping (see "Looping pits”) 
pouring (see "Pouring pits”) 
soaking (see "Soaking pits”) 

Pitting 

causes of 655, 600 

pickling as cause of 555 

Pitting corrosion 

stainless steels 866 

Placer deposits 

iron ore 142 

Plain-carbon steels (see "Carbon 
steels”) 

Planers 

semifinished steel conditioned 

by 496 

Planes 

crystallographic 13 

Planing 

plate edges 736 

Planishing stands 

bar mills 542 

Plaster 

patterns of 367 

Plastic chrome ore 

open-hearth use of 301 

Plastic chromite 

open-hearth use of 289 

Plastic deformation 

cold working 390 

critical shear strain 

theory 892, 893 

critical shear stress 

theory 892, 893 

deformation resistance during 

rolling 444 

hot working 386 

mechanism of 385 

methods of (see "Cold work- 
ing,” also "Hot working”) 
recrystallization by heating 

steel after 386 

strain hardening as a result 

of 385 

strains related to 892-895 

stresses related to 892-895 

theory of 892-W 

true stress In 


wire-drawing effects (see 
"Wire drawing”) 

work required for, 441 

Plastic fireclays (see *Tlastic 
refractories”) 

Plastic flow 

refractories 189 

Plastic range 

coals 90 

Plastic refractories 

fireclay ....181, 185 

high-alumina types 185 

kyanite in 185 

plastic-fireclay ramming 

mixtures 185 

super-duty clays in 185 

Plasticity 

definition 17 

steel (see also "Plastic defor- 
mation”) 385 

Plastics 

patterns of 367 

Plate 

black (see "Black plate”) 

wheel 568 

Plate mills 
auxiliary equip- 
ment 509, 512, 513, 522 

bearings for 508, 510, 515, 519 

bending of rolls in 506 

continuous 517 

continuous slab-heating fur- 
naces for 504 

continuous type 506 

conveyors for 

plates 507, 512, 515, 516, 520 

cooling beds for 512 

cooling conveyors for. 507, 512 

descaling methods 504, 508 

drives for 452, 455 

early types of 503 

fini^ng facilities. 509, 512, 513, 515, 
516, 520, 522 

finishing stands 515 

four-high reversing 

type 505, 509, 513 

grain -iron rolls for 519 

beat-treating 

facilities ..509, 513, 516 

heating furnaces for 

slabs 507, 509-514, 519,520 

hot beds for 521 

inspection facilities 517 

kick-off tables for 515 

mill approach table 508 

normalizing furnace for 516 

operating characteristics . . . .504-507 

operations performed in 503 

piling equipment. .513, 515, 516, 520 

plate conveyors 515, 516, 520 

power consumption 443 

reheating furnaces 

for 503, 507, 509-514, 519, 520 

reversing-type 505, 509, 513 

roll-changing devices.. 508, 510, 519 

roll deflection In 506 

roll-neck bearings.508, 510, 515, 519 

roll wear in 506 

roUer levelers fat 507, 508, 512, 

515, 516, 520, 522 
roller tables. .508, 509, 510, 512, 513, 
515, 516, 517, 520 

rolls for 437, 438, 439, 503, 508, 

510, 514, 515, 519, 521 

roughing stands 515 

scale breakers ....504, 510, 514, 519 

semi-continuous type 506 

sheared-plate type 504 

shearing facilities 615, 516, 520 

lihearing procedural 607 


■lab-heating furnaces for. .503, 507, 
609, 514, 519, 520 

ifiab-preheating units 509, 513 

slab squeezers 515 

slab transfers ..508, 509 

slab-turning devices... 508, 515, 519 

Spring of 506 

Stacking equip- 
ment 513, 51$, 516, 520 

tables 

for 508, 509, 510. 512, 513, 

514, 515, 516, 517, 520 

tandem arrangements 505 

temperature variations in 

plates 507 

three-high type ...505, 507 

transfers 

for 508, 509, 513, 515, 516, 

517, 520, 521, 522 

two-high pull-over type 505 

two-high reversing-type 505 

ts^es 504-507 

universal-type 504, 506, 520 

work rolls in 519 

Hating tanks 

electrolytic tinning 642 

Plates 

applications of 503 

bending 736 

blue-annealed 625 

boiler (see "Boiler plates”) 

camber removal from 521, 522 

classification of 503 

continuous stills 127 

controlled cooling of 509 

conveyors 

for 507, 512, 515, 516, 520 

cooling (see "Cooling plates”) 

cooling beds for 512 

cooling facilities 507 

crimping 736 

crown in 500 

cupping for hot-drawing 767 

descaling 508, 512, 521 

finishing operations on 509 

flame-cutting 513 

flatness control 506-507 

flattening 507, 515, 516, 520, 522 

heat-treating facilities lor. .509, 513 

identification marking 507 

inspection of 507, 517 

leveling 507, 515, 516, 522 

loading 507 

marking for ident- 
ification 512, 516, 520, 522 

marking for 

shearing 509, 512, 515, 

516, 520, 522 

mills for producing (see 
"Plate mills”) 

normalizing 516 

piUng 513, 515, 516, 520 

pipe made from 736-738 

plying of edges 736 

roller leveling of., 506, 507, 508, 512, 

515, 616, 520, 522 

rolling of 503-522 

rolling variables 506 

i^eared 503, 584 

sheared mill 503 

shearing 507, 509, 512, 513, 515, 

516, 520, 522, 736 

size limitations of 584 

sketch cutting of .513, 516 

stacking 513, 515, 516, 520 

straightening 521-522 

stainless-steel, rolling ..... .860, 861 

temperature variations in. .... . 507 

transfers for 513, 515. 516. 517, 

520, 521, 522 
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Plates (eont) 

uses for 503 

503 

universal-mill 503, 584 

wrought-iron 219 

Plating 

electro- (see ‘^Electroplating’*) 
Platinum 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Plug-bottom ingot molds 

big-end-up 391, 392 

Plug rolling 

seamless tubes 744, 745 

Pltitonium 

atomic number 8 

atomic weight 8 

symbol 8 

Plyer 

dbraw bench 757 

Pneumatic grinder 

bar-mill use of 557 

Pneumatic hammers 

chipping with 496 

Pneumatic processes 
coal preparation 68 


Pneumatic steelmaking processes 
(see also ’’Acid -Bessemer 
process,” also “Side-blown 
process,” also “Thomas proc- 
ess,” also “Top-blown oxy- 
gen steelmaking processes”) 
Aston process use of blown 


metal 216 

blowing methods 266 

converters for (see “Con- 
verters”) 

gases used for blowing 266 

historical development 266 

pig irons for 221 

principles of 266 

steels made by 268 

types of 266 

Pneumatic ramming 

refractories 183, 184 

Pneumatic steels 

characteristics of 268 

Pocket block 

steel-ladle 316 

Pointers 

rod 695 

wire 695 

Pointing 

seamless tubes for cold 

drawing 758 

Poise 

definition 73 

Poisson’s ratio 

temperature effect on 922 

Pokegama formation 

Cuyuna range 157 

Mesabi range 156 

Polarization 

effect in electrolytic cells 615 

Poles 

magnetic 86, 37 

Polished tubing 

classification of finishes 766 

Polonium 

atomic number 8 

atomic weight * • • ^ 

symbol 8 

Polybasio acids 

definition ^ 

Polymers 

organjUi-eoatlng mtetiali 628 


Polymorphic changes 

thermal effects of 34, 35 

Polyphase current 

alternating, electric 46 

Pony stands 

bar mills 542 

Poole feeder 

tinning machine 634, 635 

Pop risers 

foundry mold 872 

Pores 

tin plate 648, 652 

Porosity 

apparent (see “Apparent poro- 
sity”) 

axial 395 

iron castings 378, 380 

iron-ore density affected by... 139 

refractories 187 

Port ends 

acid open-hearth 304 

open-hearth 304 

Port-marked ingots 

cause of 398 

Port roof 

open-hearth 298, 302, 303, 304 

Port side walls 

basic open-hearth 200 

open-hearth 304 

Port slope 

open-hearth ...298,804 

Portland cement 

alumina in 177 

argillaceous limestone for 

making 179 

ball mills for grinding 179 

barrel weight 179 

blast-furnace slag for 

making 179 

burning 179 

calcining 179 

cement clinker 179 

cement rock for making 179 

clay for making 179 

clinker 179 

coal used in making 179 

constituents 177 


dry process for making.... .178, 179 

flow-sheet of production 178 

fuel oil used in making 179 

fuels used in making 179 

gaseous fuels used in making.. 179 

grinding 179 

gypsum for making 179 

iron oxides in 177 

lime in 177 

limestone for making 179 

liquid fuels used in making... 179 
manufacturing methods ....177, 179 

marl for making 179 

natural gas used in making.... 179 

production 177 

pulverized coal used in 

making 179 

raw materials for 177, 179 


rotary kiln for making 

sack weight 

sand for making 

sandstone for making 

shale for making 

shipping methods 

silica in 

slags for making 

slurry in making 

solid fuels used in making, 
temperature of calcining... 
tube mills for grinding...,, 
wet process for making. . . . 


... 179 
.... 179 
.... 179 
... 179 
... 179 
... 179 
... 177 
175, 179 
... 179 
... 179 
... 179 
... 179 
.178, 179 


Ports 

open-heazih 


.296, 303 


Positive charges 

electrostatic 88 

Positive segregation 

ingot phenomenon 395 

Postensioning 

prestressed concrete 719 

Postheating 

steel after scarfing 498 

Posts 

rolling-niUl housings 427 

Pot 

galvanizing 668 

Pot annealing 

wire 705 

Pot car 

blooming-mill 472 


Pot furnaces 

heat-treating application 416 

Pot stills 

tar-acid refining 136 

Pot yield 

hot-dip tinning 635, 636 

Potash 

blast-furnace behavior of 253 

Potash feldspar 
potassium oxide-alumina-allica 

system component 195 

Potassium 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

boiling point 8 

content of Earth’s crust 6 

melting point 8 

symbol 8 

Potassium carbonate 

heat of formation... 251 

iron-oxide reduction 

accelerated by 253 

Potassium oxide 

impurity in refractories 198 

iron-ore constituent 143 

potassium oxide-alumina-sillca 

system component 195 

sand constituent 301 

Potassium oxide-alumina-sillca 
system 

phase diagram 195 

Potential 

electric 39, 40 

electrostatic 38 

Pots 

crucible process 262 

slag (see “Slag ladles”) 

Pour point 

liquid fuels 72 

Pouring 

acid open-hearth steel 331 

basic electric-furnace steel 354 

basket * 354 

crucible steel 264 

direct 354 

electric-furnace steel 843 

indirect 354 

open-hearth .steel 294 

Pouring baskets 

steel pouring 317 

Pouring boxes 

steel pouring 317 

Pouring floor 

acld-Bcs.scmcr plant 270 

open-hearth 292 

Pouring-pit refractories 

service requirements 200 

Pouring platform 


Pouring rate 

ingot quality affected by 396 

■tMi 



1012 


THE MAKING, SHAPING AND TREATING OP STEEL 


Pouring redla 

principle of €83 

Pouring-side crane 

open hearth 290 

Pouring temperature 
ingot quality affected 

by 396,493 

Powder metallurgy 

compacting 206 

iron-powder production 

methods * 206 

principles of 206 

reducing agents for iron 

compounds 206 

sintering of compacts 206 

Powdered coal (see -'Pulverized 
coal") 

Powdered iron 

compacting 206 

deffxiition 206 

production methods 206 

sintering 206 

Power 

definition 33 


electric (see "Electric power”) 


Power factor 

definition 46, 346 

electric-arc furnace 350 

electric reduction furnaces 337 

Power pressing 

refractories 183 

Power transformers 

electric-arc fiunace 344, 346 

Praseodymium 

atomic number 8 

atomic weight 8 

melting point 8 

symbol 8 

Precipitation 

iron minerals from natural 

waters 142, 143 

Precipitation hardening (see 
"Aging”) 

Precipitators 


electrostatic (see "Electrical 
precipitators**) 

Precision casting processes 


lost wax method 870, 377 

Preece test 

galvanized wire 711 


Preheated air (see also "Hot 
blast”) 


American bloomery process 207 

coke-oven firing 93 

Preheating 

air for combustion (see 


"Recuperators,” also "Re- 


generators”) 

alloy tool steels 839 

fuels for open-hearth 

furnaces 304 

hot-extrusion tools 777 

open-hearth combustion air 
(see "Regenerators”) 

open-hearth fuels 304 

idabs for plate rolling 509-513 

steel for scarfing 498 

Premier (ISiarcoal tin plate 

coating weight of 636 

Presses 

extrusion 388, 771, 772, 778, 777 

forging 387, 888 

gag (see "Gag presses”) 
mechanical 388 


Press forging 

equipment for 387, 388 

pressures employed in 

hydraulic 888 

rolling compared with 390 


Pressing 

chemically bonded basic 

brick 184 

refractories 183 

sponge ball from Aston 

process 216 

Pressure 

control of (see 'Tressure 
control”) 

gas pressures related to 


volume changes 16 

vapor (see “Vapor pressure”) 
Pressure control 

blast-furnace 259 

coke ovens 106 

furnaces 87 

Pressure gages 

coke-oven applications 112 

Pressure tubing 

applications of 764 

Prestressed concrete 

wire for 718 

Pretensioning 

prestressed concrete 719 

Primary cleaning 

blast-fumace gas ..225, 235 

Primary coil 

coreless induction furnace 337 

Primary coolers 

coal-chemical recovery 116 

raw coke-oven gas 116 

Primary dry cleaners 

blast-fumace gas 235 

Primary fuels 

coal equivalents 84 

consumption of 82, 84 

definition 51 

Primary mills (see also 
"Blooming mills,'* also 
"Slabbing mUls**) 

auxiliaries for 472 

barrel pass in.. 478 

bearings for 478 

bullhead pass in 478 

drives for 452-455. 473-476 

fire-cracking of rolls in 479 

foundations for 476 

functions of 464 

general features 463 

high-lift blooming mills 465 

housings for 476 

ingot receipt from soaking 

pits 405 

manipulator drives for 461 

manipulators for 479 

power consumption 443 

reversing (see "Reversing 
mills**) 

roll-changing devices 479 

roll-opening indicators 478 

roll-pass depth 478 

roll passes for 473-478 

roll-stand design 476 

rolling procedures 476 

rolls for 434, 435, 436, 473 

screwdown drives 461 

shear drives 461 

side-guard drives 461 

size designation 463 

soaking pits for (see also 

"Soaking pits”) 473 

stand design 476 

table-roller drives 461 

three-hiidi 468 

two-high reversing mills in 

tandem 472 

two-hl|^ revming-type ...465, 472 

two-high tandem type 467 

universal slabbing mills 467 


Primary wet deaners 

blast-furnace gas 235 

Primes 

long-teme 657 

tin-plate 636 

Principal stress 

definition 892 

Process 

bars 561 

black plate 633 

procedure for 814 


Process discoloration 


Process metallurgy 

definition 4 

Process wire 

definition 684 

Processing cup 

Aston process 216 

Processor 

pickling-line 598 

Producer gas 

air required for combustion. ... 81 

carbon-dioxide content 81 

carbon-monoxide content 81 

deaning affects heat content 

of 76 

combustion characteristics . . .77, 80 

combustion products 81 

composition ...77, ^ 

flame temperature 81 

fuels used in making 75 

heat recovered in 76 

heating value 76, 77, 81 

historical 74 

hydrogen content 81 

manufacture of (see "Gas 
producers”) 

methane content 81 

nitrogen content 81 

open-hearth fuel. , .287, 303, 304, 305 

oxygen content 81 

preheating for combustion.*... 303 
producers for (see "Gas 
producers**) 

products of combustion 81 

properties 81 

sources 75 

specific gravity 81 

theoretical flame 

temperature 77, 81 

utilization 75 , 80 

Products of combustion (see 
"Combustion products**) 
Proeutectoid constituents 

steel 790 

Promethium 

atomic number 8 

atomic weight 8 

symbol 8 

Prompt industrial scrap 

consumption of 205 

segregation of 204 

sources of 204 

types of 204 

Propane 

air required for combustion. ... 81 
butane (commerdal) 

component 81 

carburizing agent 815 

combustion products 81 

composition 81 

flame temperahire 81 

heating value 76, 81 

liquid-propane heating value. . . 76 

products of combustion. . . 81 

properties 81 

ipedflc gravity * 81 


fheoretteel flame temperatm 61 
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Proportional limit 

definition of 888 

Propyl benzene 

light-oil constituent 123 

Propylene 

air required for combustion. ... 53 

chemical formula 53 

coke-oven gas constituent 113 

combustion-air requirement ... 53 
combustion-oxygen require- 
ment 53 

combustion products with air. . 53 
flue products of combustion. ... 53 

heat of combustion 53 

molecular weight 53 

oxygen required for 

combustion 53 

iJiroducts of combustion with 

air 53 

reformed-natural-gas 

constituent 81 

specific gravity 53 

Protactinixim 

atomic nvimber 8 

atomic weight 8 

symbol 8 

Protective atmospheres (see 
''Controlled atmospheres*') 
Protective coatings 
cleaning steel for application 

of 621 

functional coatings 620 


inorganic (see "Inorganic 
coatings”) 

metallic (see "Metallic 
coatings”) 

organic (see "Organic 
coatings”) 

pickling prior to application 


of 621 

preparation of steel for 

application of 621 

purposes of 620-621 

Protective oxide films 

tin-plate 650 

Protons 7, 11 

Proximate analysis 

coal 63 

PseudowoUastonite 
lime-alumina-sihca system 

component 193 

lime-silica system component.. 196 

Pseudocumene 

light-oU constituent 123, 132 

Puddler's candles 

cause of 212 

Puddling 

definition 210 

dry process 210 

hand (see "Puddling process”) 
mechanical (see "Mechanical 
puddling”) 

pig-boiling process 210 

Puddling basin 

puddling furnaces 211 

Puddling furnaces 

construction of 211 

mechanical (see "Mechanical 
puddling”) 

operation of 211 

refractories for ; 211 

Puddling iron 

composition ranges 211 

use for 223 

Puddling process 

balling 212 

bloom pr^ii^on in 213 

boiling 212 

Burden squeezer for * • • 213 

chemistry of 214 


c^eoring 212 

drawing 211 

furnace for !!.!!!! 211 

furnace operation 211 

losses in 214 

lowering of the heat. ..!.!! ! ! ! ! i 212 

melting 212 

pig iron for [ 221 

reactions in 214 

shingling 213 

wrought-iron manutacture .... 209 
Pugh-type ladles 

molten pig-iron transport. .237, 239 
Pull-over mills 

plate mills 505 

two-high 420, 505 

Pull-through bridle 

electrolytic-tinning line 643 

Pulling bottom 

acid electric-arc furnace. ...... 355 

Pulpit 

blooming-mill 472 

Pulverized coal 

ash-disposal problems 69 

boiler firing with 69 

cement-kiln fuel 179 

combustion chamber design 
for 70 


combustion characteristics .... 69 

portland-cement kiln fuel 179 

rotary cement-kiln fuel 179 

utilization 89 

Pump tubing 

seamless tubes 739 

Punching 

joint bars 531 

web holes 575 

wheel-blanks 573 

Purchased scrap 

analysis of 205 

chemical analysis of 205 

classification of 204 

consumption of 204 

dormant (see "Dormant scrap**) 
prompt industrial (see "Prompt 
industrial scrap”) 

sampling of 205 

segregation of 204, 205 

sources of 204 

types of 204 

*Ture iron” 

composition 585 

Pusher-side bench 

coke oven 108 

Pusher-side equipment 

coke ovens 107 

Pusher-t3rpc furnaces 

heat-treating applications 417 

Pushers 

coke-oven ...93, 107, 108 

slab 589, 591 


Pushing 

coke ovens 100, 109 


Pyrene 

tar constituent 132 


Pyridine 

absorber for 118 

bases (sec "Pyridine bases”) 

light-oil constituent 123, 127 

recovery of 118, 121 

refining of 121 

tar component 113, 132 

uses for • 138 

Pyridine absorber 118 

Pyridine bases 
batch-type recovery 

process 121, 122 

carbon dioxide as reagent in 
recovery process 121 


coke-oven gas components 121 

coking product 113 

continuous recovery process 

for 

dimethyl p3a‘idines 121 

flow sheet for recovery of 121 

lutidines 121 

methyl pyridine J21 

picolines 121 

products of coking 113 

recovery of 121 

refining of J2l 

tar constituents 121, 132, 133 

uses for 138 

Pyridine sulphate 
product in recovery of pyridine 

bases 121 

recovery of 133 

rectification 134 

springing with ammonia 134 

sulphuric acid for recovery.... 133 
ftrite 

iron-ore constituent 139 

Pyrometers 

coke-oven applications of...... 112 

optical 34 

principles of 34 

radiation 34 

Pyrometric Cone Eqtiivalent 

determination of 186 

fireclay refractories 186 

high-alumina brick 186 

high-duty fireclay brick 186 

hot tops 186 

intermediate-duty fireclay 

brick 188 

ladle brick 186 

low-duty fireclay brick 188 

nozzles 186 

semi-silica brick 186 

aigniflcance of 186 

super-duty fireclay brick 186 

stopper-rod sleeves 186 

tuyeres 186 

Pyrometry 34, 87 

Pyrophosphoric acid 
chemical formula 30 


Quality control 

mechanical testing for 881-882 

Quartz 

potassium oxlde-aluznina-silica 

system component 195 

sodium oxlde-alumina-silica 

system component 194 

Quartz slates 

Gogebic range 155 

Quartzite 

occurrence 180 

open-hearth use of 320 

silica cement from 185 

silica in 180 

specific gravity 189 

Quebec 

iron ores 142 

Quench aging 

carbon steels 822 

Quench crackii^ 
austenite grain size 

influences 795 

Quenching 

agitation of media for 811 

alloy tool Bteel.5 839 

ancient knowledge of 261 

austempering practice 812 

axles 582 

bars 561, 562, 565, 567 

brine for 811 

carbon steels 822 
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Quenching (eont.) 

coke 93, 110 

cracking resulting from 811 

distortion resulting from 811 

electrolytic tin plate after 

melting coating 643 

facilities for ....412, 415 

fixture for end -quench test..*. 808 
gas pockets formed on work. . . 811 

high-speed steel 839 

hot-strip-mill products 594 

joint bars 531 

martempering practice 812 

media lor 811 

oil for 811 

primitive use of 2 

purpose of 811 

seamless tubes 748 

severity of controlled by media 

selection 811 

severity of quench 806 

stainless steels 863 

steam causes variations in 811 

steel castings 374 

stresses resulting from 811 

temper brittleness controlled 

by 834 

thermal stresses from 811 

transformation stresses in 811 

water for 811 

wheels 577 

Quenching and tempering 

procedures for 810 

Quenching car 

coke oven Ill 

Quenching station 

coke ovens 110 

Quicklime 

chemical nature of 30 

Quinaaddine 

tar constituent 132 

Quinoline 

tar constituent 132 

Rabbing hole 

puddling furnaces 211 

Rack 

converter 271 

Racks 

pickling (see “Pickling racks*) 
Radial top-slicing method 

iron-ore mining 164 

Radiant burners 

applications of ....410, 411, 412, 413 

billet heating by 774 

melting electrolytic tin 

coatings by 643 

Radiant heat 

nature of 36 

Radiant heating 

reheating furnaces employing. . 411 
Radiant tubes 

furnace heating by. 413 

Radiation 

converter flames 278 

energy transferrence by 36 

heat 4 

heating steel by... 411 

Radiation pyrometers 

principles of 34 

Radicals 

ammonium 22 

definition 22 

hydroxyl 26 

nitrate 22 

sulphate 22 

Radiography 


Radium 

atomic number 8 


atomic weight 8 

melting point 8 

symbol 8 

Radius 

wire-drawing die 689 

lUdon 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Ragging 

rolls 478 

Rail-joint bars (see “Joint bars**) 

Rail joints 

welded 531 

Rail mills 

arrangements for 523 

blooming mill for 475, 523, 524 

TOntrolled-cooling facilities ... 528 

designing rolls for 525, 526, 527 

dummy pass in 526 

edger pass in 526 

finishing facilities ^...527-529 

finishing pass in 526 

finishing stands 524 

former pass in 526 

hot saws for 528 

leader pass in 526 

roll passes for 524, 525, 526, 527 

rolling methods used in.... 525. 526 

rolls for 438, 439. 525-527 

roughing stands 524, 525, 526 

slabber pass 526 

tandem blooming mill for.. 523. 524 

three-high mills for 523, 524 

two-high mills for 523, 524 

Rail -slitting mills 

principle of 545, 546 

Rail steels 

compositions 523 

Railroad axles (see “Axles**) 

Railroad ballast 

slags for 175 

Railroad rails (see “Rails**) 

Railroad wheels (see “Wheels**) 

Rails 

A-rails 529 

angular rolling method 525, 526 

Birkenshaw-type 524 

branding 528 

bull-head type 523, 524 

burr removal from 528 

cambering 527 

cast-iron 523, 524 

chairs for early 523 

Clarence-type 524 

classification of standard 529 

color coding on ends 529 

compositions of steel for 523 

compound-type 523, 524 

controlled cooling 528 

crane 524, 527, 529 

cutting 527 

diagonal rolling method.... 525, 526 

dimensional variation in 527 

directional properties of 821 

drilling 529 

drop-testing 528 

dummy pass for.. 526 

early types of,... 523 

edger pass for 526 

end finishing 528, 529 

end hardening 529 

fin avoidance in rolling 526 

finishing operations 527-529 

finishing pass for..^ .526 

fish derni^ 527 

fiat method for rolling 525 

former paas lor... ....... 526 


girder 524, 527, 529 

grooved 524, 527 

guard ...524, 527 

historical development of 

sections 523 

hot sawing 528 

inspection of 529 

iron 524 

leader pass for 526 

light 527, 529 

Locke-type 523 

loose fish 527 

malleable^iron 524 

marking 528 

mills for rolling (see “Rail 
mills**) 

nick-and-break testing 528 

No. 1 529 

No. 2 529 

passes required 

for shaping 524, 525, 526, 527 

pear-head type 523, 524 

re-rolling 527 

rocking-base 527 

roll passes for forming 52G 

rolUng of 463, 523-529 

sawing 528 

slab-and-edging method for 

rolling 525 

slabber pass for 526 

Sperry tester for 927 

standard length 527 

standard types 523, 524 

Stevens type 524 

straightening of 528 

tee-type 523, 524 

testing 528 

tongue-and-groove rolling 

method 525 

U-shape 523, 524 

walking for inspection 529 

weight per yard 523, 524 

welded joints for 531 

X-rayls 529 

Raises 

iron-ore mining 165, 166, 167 

Ram 

coke-oven pusher 107 

forging-press 388 

Rammed - bot toms 

open-hearth 299 

Rammed refractories (see 
“Ramming mixtures**) 

Ramming 

molds 371 

refractories 183, 184 

Ramming mixtures 

converter lining with 281, 285 

heating-furnace applications ., 201 

open-hearth bottoms 299 

open-hearth door lining 301 

open-hearth refrac- 
tories .*.......•4.**. .200, 299, 301 

types of 185 

Randupson process 

steel foundry molds 867 

Ranges 


iron-ore (see “Iron-ore 
ranges'*) 

Rank 

coal, definition 63 

Raoult’s law 24, 325 

Rare-earth metal oxides 

h'on-ore constituents 143 

Rate of flame propagation, 56 

Rate of rise 

steel i>ouring 316 

Raw dolomite 

uses for .....184, 819 

open-hearth use of.....,, 819 
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Raw petroleum fu^ 72 

Reactioni 

chemical (sea **Chemical 
reactions'*) 
heat of (see **Heat of 
xeactioa") 

Reactors 

electric-arc furnace primary 

circuit 346 

electrical dieets for 

Rebound principle 

hardness testing by 

Recarburizing 
acid-Bessemer steel 


pneumatic ste^ 
Receiving hopper 
blast-furnace .... 
Reckoning 


Recoats 

long-ten 

Recoilers 


pickling-line 

Recovery 

metals after strain hardening. . 
Recrystallization 


hot working followed by 

strain hardening eliminated 

by 

temperature dependence of.. 
Rectification 

alternating current, electric.. 


Rectifiers 

mercury-arc 49 

principles of 49 

tar-acid recovery 134 

Recuperators 

applications of 87 

coke ovens 93 

heating-furnace 401 

principle of 87 

soaking-pit 402, 405 

types of 88 

Red brass 

composition 426 

Red hematite « 

iron ore 189 

Red ore (see "Hematite”) 

Red phosphorus 

specific gravity 30 

Reducing rolls 

continuous butt-weld process.. 734 
Reducing idags 

electric fui^ce 339, 353, 355 

Reduction 

(diemical * 8, 20 

direct (see **Direct reduction”) 
iron ore (see "Blast furnace,” 

"Iron smelting” and 
"Direct reduction”) 

Reduction fturnaces 

electric 837 

Reduction of area 

determination of 892 

Reeling machine 

seamless-tube mill 746 

Reels 

pay-off 694 

wire-rod 688 


index; 

Refined heavy solvent 

uses for lag 

Refinery 

South Wales procem 210 

Refinery fire 

South Wales process 210 

Refining 

petroleum 72 


cements for 185 

checker brick 189. Ssii 235 

checker-building r^apes ...234, 235 

chemical characteristics 185 

chemical compositions 182 

chemically bonded chrome- 

ma^esite brick 188 

chemically bonded magnedte 


848 

Refining period 


chemically -bonded magnesite- 


open-hearth 

311 

chrome brick 

182, 188 

901 

Refining slag 


chrome brick 

.182, 187, 188 


basic electric-arc furnace 


chrome-magnesite 


276 

process (see "Reducing slag”) 


brick 

.182, 187, 188 

331 

Reflectivity 


chrome ores 

•ISl, 182i 183 

312 

coefflcient of, heat 

59 

chromite group 

181 

268 

Reformed natural gas 


chromium oxide in.... 



air required for combustion. . . . 

81 

classification of 

180 

231 

composition 

81 

days 

185 


ethylene content 

81 

coke-oven applications 

94, 99 

637 

flame temperature 

81 

cold strength 

188, 189 


heating value 

81 

concrete, refractory . . . 


657 

properties 

81 

conglomerate 

180 


propylene content 

81 

converters 

266, 272 

644 

speciflc gravity 

81 

creep of 


672 

theoretical flame 


cupola linings 

274 

599 

temperature 

81 

deairing 



Refractories 


definition 


386 

abrasion resistance 

191 

deformation under load.... 188. 189 


add 

180 

density of 


822 

acid-Bessemer converter 

271 

diaspore 

181 

594 

acid direct-arc furnace 

337 

diatomaceous earth . . . 

183 

821 

acid open-hearth 288, 303 

dolomite 

.181, 185, 194 

386 

acid pneumatic process 

266 

drop molding 

183, 184 


alkali attack of 

253 

dry pressing 


386 

alaklies in 

182 

electric-arc furnaces.. 

.201. 337, 840 

386 

alumina in 

182 

electric melting 



alumina-silica-ferrous oxide 


furnaces 

.201, 337, 340 

49 

system phase diagram 

192 

electrocast 


134 

alumina-silica-lime system 


extrusion 


134 

phase diagram 

193 

fayallte 


134 

alumina-silica-manganous 


ferrous oxide-alumina-sUlca 

134 

oxide system phase diagram.. 

196 

system phase diagram 192 


alumina-silica-potassium oxide 


ferrous osdde-ferric oxide- 


system phase diagram 195 

alumina-sillca-sodlum oxide 

phase diagram 194 

alumina-silica system phase 

diagram 191 

aluminous fireclay brick 187 

amorphous graphite 181 

amphoteric 180 

andalusite 181 

apparent porosity 187, 188 

artificial graphite 181 

basic 180 

basic brick .182, 188 

basic electric-furnace 201, 837 

basic open-hearth 288 

basic pneumatic process. ....... 266 

bauxite 181 

blast-furnace (see "Blast- 
furnace refractories”) 

blast-furnace stoves 233, 234 

bonding clays 185 

brucite 181 

bulk density 187, 188 

burley clay 181 

burley flint clay 181 

burned chrome-magnesite 

brick ^“88 

burned dolomite 182, 194 

burned magnesite 182 

burned magnedte brick.... 182, 188 

burner-block 2W 

burning * *84 

carbon block 182, 184, 188, 247 

carbon bri<i 

carbon group 

185 


silica system phase diagram. . 197 
ferrous oxide-magnesia system 

phase diagram 198 

ferrous oxide-silica system 

phase diagram 197 

fireclay 180, 182, 188, 193, 194 

fireclay brick 182, 188 

fireclays 181 

fired chrome-magnesite 

brick 182,188 

fired magnesite brick 188 

fired magnesite-chrome brick.. 182 

firestone 180, 182 

firing 184 

flake grai^ite 181 

flint fireclay 181 

forsterite brick 182, 187, 188 

furnace pressure effect on 190 

fused mulUte 184 

fusion temperature 186 

ganister 180, 182 

granxilar (see "Granular 
refractories”) 

graphite 181. 

grinding raw materials for 183 

hand molding 183 

heat capacity 190 

heating-furnace 201, 401 

high-alumina brick . . . .182, 187, 188 

high-alumina group 181 

hi(g^-duty fireclay brick.... 182, 188 

hot floor for tempering 183 

hot-load resistance 188, 189 

hot-metal mixer 274, 281, 292 

impurities affecting 
refractoriness 193 
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Kefractories (cont.) 
intennediate«duty fireclay 

brick 182,188 

iron*oxide attack of 194 

Iron oxides in 182 

kaolins * • • • 181 

kilnsforfiring*. 184 

kyanite - 181 

ladle 278 

ladle brick 182, 188 

lead attack of 205 

lime-alumina-silica system 

phase diagram 193 

lime in 182 

lime-magnesia-silica system 

phase diagram 198 

lime-magnesia system phase 

diagram 198 

lime-silica system phase 

diagram 196 

linear expansion of 187, 189 

top»blown oxygen stcelmaklng 

converters 285 

load-bearing ability 188, 189 

load-test data — 189 

low-duty fireclay brick 182, 188 

magnesia 181, 194 

magnesia-dolomite ramming 

mixtures 185 

magnesia-ferrous oxide system 

phase diagram 198 

magnesia in 182 

magnesia-lime group 181 

magnesia-lime-sUica system 

phase diagram 198 

magnesia-lime system phase 

diagram 198 

magnesite 181 

magnesite brick 182, 187, 188 

magnesite-chrome brick ...182, 188 
magnesite in ramming 

mixtures 185 

magnesiiun-silicate group 181 

manganous oxide-alumina-silica 

system phase diagram 196 

massive (see **Massive 
refractories”) 

mechanical spalling 191 

mica schist 180, 182, 183 

mining raw materials for 183 

mixer lining 274 

mixing raw materials for 183 

modulus of rupture 188 

molding 183, 184 

mortars for brick laying 185 

muUite 184 

neutral 180 

nodular fireclay 181 

olivines 181, 183 

open-hearth 288, 296, 298, 299, 

300, SOI, 303, 304, 
319, 320, 321 

periodic kilns for firing 184 

permeability 187 

physical ch^acteristics 185 

physical properties 188 

plastic (see “Plastic 
refractories*’) 


ifiasUc flow 189 

pneumatic ramming 183, 184 

porosity 187 

potassium oxide-alumina^^sUIca 

aystem phase diagram 195 

pouring-pit ,200, 201 

power pressing 183 

preparation of 183 

pressing 183 

puddling furnaces 211 

purifyii^ raw materials for..*. 183 
pyrometric cone equivalent 186 


quartadte 180 

ramming types 183, 184, 185 

raw-material mining 183 

raw materials for 180 

raw-materials purification 183 

raw state 183 

refractory concrete 184 

reheating furnace 201 

requirements of 180 

sandstone 180, 183 

screening raw materials for. ... 183 

secondary expansion 189 

selection for steel plant use. ... 199 

semi-silica brick 182, 188 

serpentine 181 

service requirements .......... 185 

Sharon conglomerate 180 

side-blown process 284 

sUica-alumina-ferrous oxide 

phase diagram 192 

sllica-alumina-lime system 

phase diagram 193 

silica-alumina-manganous 
oxide system phase diagram. . 196 
silica-alumina-potassium 
oxide system phase diagram. . 195 
silica-alumina-sodium oxide 

phase diagram 194 

silica-alumina system phase 

diagram 191 

silica in 182 

siHca brick ...182, 187, 188, 193, 194 
silica-ferrous oxide-ferric 
oxide system phase diagram. . 197 
sUica-lime-magnesia system 

phase diagram 198 

silica-lime system phase 

diagram 196 

siliceous fireclay brick 187, 188 

siliceous group 180, 187, 188 

sillimanite 181 

soaking pit 200, 201 

sodium oxide-alumina-silica 

system phase diagram 194 

softening temperature 186 

spalling of 191 

spalling resistance 188 

specific gravity 188 

steel-plant uses 199 

stiff-mud process for 

shaping 183 

structure spalling 191 

super-duty fireclay 

brick 182,188 

Bfuper-duty silica brick 182, 188 

tempering 183 

testing of 199 

thermal capacity 190 

thermal conductivity 190 

thermal expansion 189 ' 

thermal properties 188 

thermal shock resistance 191 

Thomas-process 281, 282 

titanium oxide in 182 

total porosity 137 

true specific gravity 187, 188 

tunnel kilns for firing 184 

uses of 199 

vibration for molding 184 

voids in 187 

volume changes 189 

zinc attack of 205, 253 

Refractory concrete 
calcium-altuninate cement 

for 184 

constituents of 184 

Refractory shapes (see 
“M^ve refractories”) 


Befrigeranti 

Impact-test specimen cooling 

in 905 

Refrigeration 

blast drying by 258 

Regenerative chambers (see 
“Regenerators”) 

Regenerative single-divided 

coke ovens 94 

Regenerators 

applications of 87 

basic open-hearth 200 

blast-furnace stoves ........... 232 

checkerwork for SOS 

coke ovens 93, 05-99, 100, 102 

heating-furnace 401 

historical 287 

insulation 305 

open-hearth ..200, 287, 296, 297, 298. 

303, 304, 305 

peeling of checker-brick 189 

principle of 87 

roofs for 305 

sealing 305 

soalcing-pit 401, 402 

Regular lay 

wire rope 720 

Regulators 

electric-arc furnace 348 

Reheater 

ammonia-recovery process .... 118 
Reheating furnaces 

barrel-type .410, 411 

batch-type 406, 407 

billet-mill 479 

burner locations 407-411 

capacity 411 

combustion control 411 

continuous- type 406-411 

fuel consumption 85, 411 

fuel economy in 85 

fuels for 589 

function of 399 

hearth area 399 

heat losses in 411 

heat utilization in 85 

heating capacities 411 

hot-strip xnill 589 

insulation of 411 

operating statistics 411 

plate miU 503, 507. 509. 

514, 519, 520 

radiant- type burners for. . . .410, 411 

scaling of steel in 411, 414 

skids for 589 

thermal efficiency of 411 

types of 406-411 

Reid vapor pressure 73 

Reinforced angle bars 529 

Reinforcing bars 

bar-mill product 559 

Rejects 

long-teme 657 

Relative viscosity 

liquid fuels 72 

Relay system 

direct-current motor speed 

control 451 

Reluctance 

magnetic (see **Magnetic 
r^uctance”) 

Rennerfelt furnace 

indirect-arc type 335 

Repeaters 

roUlng-mlll 420, 543, 681 

bar-mill 543 

rod-mill 331 

R^hosphorized steels 
compositioa ranges for 813 



Beplacement 
double (see **Double 
repkcement**) 
simple (see **Simple 
replacement**) 
Replacement<*type ore 


iron ore 151 

Re-rolling 

rails 527 

Residual elements 
flat-rolled steel products 

limitations for 585 

open-hearth steel 324 

properties affected by 825 

Residual fuel oils 72 

Resina 


Steel foundry use in molding. . . 367 
Resistance 

electrical (see **Electrical 


resistance**) 

melting electrolytic tin 

coatings by 643 

Resistance furnaces 

electric 334 

Resistance thermometers 

principle of 34 

Resistance to deformation 

steels during rolling 444 

Resistivity 

electric^ 40 

Resonant frequency 

fatigue testing by 909-910 

Rest bars 

roUing-mill 427 

Resulphurized steels 

composition ranges for 818 

Retentivity 


magnetic (see '^Magnetic 
retentivity**) 

Retort ovens (see ‘‘Coke ovens*’) 


Retort process 
coke production (see “Coke 
ovens’*) 

Retort process coke (sec “Coke”) 
Retort stokers 69 


Reverberatory furnaces 

air furnace for foundries 381 

definition 296 

puddling process 210, 211 

Reversal 

coke ovens 95 

open-hearth 287, 305, 320 

Reversible reactions 
chemical 20 


Reversing mills 

blooming nulls 465, 472 

drives for 452-455, 473-476 

four-high plate mill 509-513 

hot-strip mills 587 

plate mills ....443, 505, 509-513, 515 

plate-mill roughers 615 

primary mills 444, 465, 472 

roughing stands for hot-strip 

mills 587 

structural-mill 632 

tandem arrangement of 472 

two-high 420, 465, 472 

two-high blooming 

mills 465, 472 

two-hi|^ plate mills 505 

two-high primary mills 465, 472 

two-high reversing mills in 
tandem 472 


Revert scrap (see **Home scrap”) 


Rhenium 

atomic number 8 

atomic weight 8 

melUng point 8 

symbol 8 
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Rheolaveur launders 

coal 

Rhodium 

atomic number 

atomic weight 

boiling point 

melting point 

symbol 

Rhodonite 

manganous oxide-alumina-sUica 

system component 

Rhombic sulphur 

specific gravity 

Rhombohedral unit cells...*..*.. 
Ribbed ring roofs 

open-hearth 302, 

Rider sheets 

function of 

Rider shoe 

coke-oven pusher ram 

Ridge cap 

Ridge roll 

Rigging 

galvanizing pot for sheets 

steel-ladle .276, 

terne pot 

Right-hand rule 

Rigidity 

modulus of 

Rim 

wheel 

Rim- toughened wheels 

Rim toughening 

wheels 

Rim zone 

capped-steel ingots 

Rimmed steel 

acid-Bessemer process 

aging of 

aluminum as deoxidizer 

black plate made from 

deoxidation practice 

elcctric-arc furnace for 

production of 

flat-rolled products made 

from 

galvanized-sheet base ... . .662, 

ingot structure of 393, 394, 

ladle additions for 

mold additions for 

rimming agents 

sheets mfide from 

skin of ingots 

slag control 

sodium fluoride to promote 

rimming action 

steelmaking practices 

strip steel made from 

tin plate made from 585, 

Rimming action 
aluminum additions for 

control of 

control of 

description of 

Rimming agents (see *‘Rimmed 
steel”) 

Rimming steel (see “Rimmed 
steel”) 


Ring gates 

foundry mold - 

Ring roofs 

open hearth 

Rings 

electrode 

Rinsing 

wire rods after cleaning, 
Rinsing tanks 

pickling-line 

wira-mill - 


,302, 


Rise 

67 arch 303 

Kisers 

8 foundry mold 370, 372 

8 necked-down 373 

8 removal from castings 873, 376 

8 Washburn core for.. 373 

8 Williams core for 373 

Rivet steel 
mechanical-property 

196 specifications 819 

Road-building materials 

29 slags as 175 

12 Rock 


303 

417 

107 

662 

662 

668 

316 

656 

42 

925 

568 

569 

577 


279 

823 

328 
585 
396 

339 

585 

666 

396 

396 

396 

329 
585 
396 
396 

329 

396 

585 

632 


396 

586 

394 


cap (see “Cap rock”) 

Rocking-base rails 

cause of 527 

Rockrite process 

seamless- tube reducing by.. 760-763 
Rocks 

igneous (see “Igneous rocks”) 
metamorphic (see 
“Metamorphlc rocks”) 
sedimentary (see 
“Sedimentary rocks*') 


Rockwell hardness test 

B-scale penetrator 898 

C-scale penetrator 898-899 

indenters used in 898-900 

machine for 898-900 

principle of 898 

scales for 899, 900 

sequence of operations in... 898, 899 

superficial 900 

techniques for 898, 899 

Rockwell superficial hardness tests 

indenters for 900 

principle of 900 

scales for 900 

Rod bakers (see “Bakers”) 

Rod mills 

Bedson type 678 

Belgian mills 678, 682 

combination mills 678, 682 

continuous, drives for 459 

continuous mills 459, 675, 678. 

679, 680, 682 

double Belgian mills 682 

floors for 681 

Garrett 

mills ...422, 675, 678, 680, 681,682 

guides for 683 

housings for 683 

laying reels for. 683 

looping type 875, 678, 680, 682 

Morgan type 675, 678 

“opening up” the mill 683 

pouring re^s for 683 

reels for rods rolled on 683 

repeaters for 681 

roll passes for 683 

rolls for 438, 439, 683 

three-high mills in 675 

types of 675, 678 

Rod pointers 

wire-mill * 695 

Rods 


welding (see “Welding rods”) 
wire-drawing (see “Wire 


372 

rods”) 

Roe furnace 


303 

mechanical puddling . 
Roebling Wire Gage 

215 

932 

344 

historical 

Roll balancing 
rolling-mill stands . . . 

.428, 508, 510. 


688 

519, 521, 582 


Roll-changing devices 

..508, 510. 5U 

599 

plate-mUl 

687 

primary-mill 
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RoU-ehanging methoda 
roUing-mm ...430, 479, SOSi 510, 519 
Roll diameter 

rolling forces dependent on. ... 889 

Roll forging 889 

Roll lathes 

characteristics of 433 

Roll marks 

bar defect 598 

RoU-neck bearmgs 

hot-8trip«xnill stands 592 

plate-mill 508, 510, 515, 519 

Folling-miU 426, 508, 510. 

515, 519, 592 

RoU-opening indicators 

prinuury-mill 478 

Roll-pass design 
continuous tube-rolling 

miU 752 

draft considerations 433 

principles of 431-434 

rail mills 526 

rod-mill 683 

spread a factor in 433 

Roll passes 

anflde 432 

bar-mill 546-550 

beam 432 

blooming mill 473-478 

box passes 432, 546, 547, 548 

convexity of 477 

dead holes 432 

depdi of 478 

designing (see **Roll-pa88 
design") 


Roller coating 

organic coatings applied by. . . . 829 
Roller-hearth furnaces 


principles of 388 

reductions per pass in hot- 
strip-mill finishing stands.... 588 


heat-treating applications. .417, 762 

n>d« (iM "Rod miUs”) 


principle of ..... 


rotary 

a... 744 

tube-anealing in 

762 

sections 

.532.538 

Roller levelera 


shapes 

.582-538 

galvanizing-line 

669, 672 

sheet piling 

.532.538 

plate-mill 

..507, 508, 512, 515, 

sheets (see *Tlat-rolled 


516, 520, 522 

product,,’' alw "Sfaeetf’) 


principle of 


skelp 

.... 726 

skelp leveling in. 


idcin rolling (see ‘Temper 


RoUer tables (see 

“TablM”) 

mills") 


Rollers 


slab-and-edging method .. 

.... 525 

table (see *Table rollers") 

slabs 

.464, 586 

RoUing 


stainless steels 859, 860, 861 

angle of bite in. . 

389 

straight-flanged method ... 

.... $35 

an^es 

532-538 

stretch-reduction 


angular method . 


process 

.729, 734 

bars 


structiual sections 

.532-538 

black-plate 


structural shapes 

.532-538 

blooms 

464, 740 

tees 

.532-538 


bulb angles 

butterfly method 535 « 

center sills 532-538 

channels 532-538 

cold-reduction method (see 
"Cold reduction,” also "Cold- 
reduction mills") 

contact arc in 389 

contact area in 389 

cross rolling 587, 591, 594. 821 

cross ties ..532-538 

cruciform sections (see 
"Sack rolling miU") 


diagonal 

548, 549 

deformation resistance in... 

.... 444 

diagonal beam . . . 

432 

diagonal method 

525, 535 

diamond 

431, 432, 546 

die-rolling 

389, 424 

edging 

432, 547 

direct 

.... 586 

flat 


directional properties imparted 

flat-and-edge . . . . 

547 

by 

.... 820 

gothic 

432, 546 

electrical sheets 

.848-849 

guide 


fins caused by overfilling of 


guide-round 

546 

passes 

.... 495 

hand-round grooves 432, 546 

forward dip dtiring 

.... 389 

hand square 

432 

frictional forces in 

.... 389 

live holes 

432 

frictional heating effects of 


open-square 

432, 546 

cold rolling 

.... 584 

oval 

546, 547, 549 

grain orientation influenced 

oval-round 


by 

... 820 

primary-mill 


hand hot-mill practices 

594-596 

rail-mUl 

..524, 525, 526, 527 

heating billets for 

406-411 

rod-mJll 


heating blooms for 

406-411 

round 

548, 547 

heating ingots for 

... 397 

slab 

432 

heating dabs for plate- 


square 


rolling 

.... 503 

staraight beam ... 


heating steel 


structural-mill .. 

533-538 

for 397, 400, 406-411, 503 

three-high mills . 


high-strength steels 

.... 846 

tongue-and- 


hot (see "Hot rolling," also 


groove 

..432, 846, 848, 850 

"Hot working") 


types of 

431, 432 

hot-strip-mill practices .... 

.... 586 

zee-bar 

432 

I-beams 

.532-538 


Roll-positioning devices (see 
also "Screwdowns") 

hand hot mills 595 

Roll roofing 

galvanized 662 

Roll scale (see **Scale^) 

Roll stands 

primary-mill 476 

Roll straighteners 

wire-mill 700 

Rolled wheels (see "Wheels'^*) 

Roller 

blooming-mill 472 

Roller-bearing steel 838 

Roller bearings 

loIUng-niiU apidicatlong *...*.• 438 


ingot d^very from soaking 

pits to mills 405 

ingots 463-479 

ingot size limitations 465 

joint bars 529-531 

laps developed in 495 

merchant bars 540*550 

mills for (see "Rolling mills") 

neutral point defined 389 

pning 532-538 

plate-rolling variables 506 

plates 503-522 

power requirement dependent 

on apetd 448 

power requirement dependent 

on temperature 445 

primary-mfU operation 463-479 


temper (see "Temper rolling") 

temperature influence on 389 

tie plates 532-538 

tongue-and-groove method ... 525 

tube rounds 740 

wheels (see "Wheel mills") 

wide-flange beams 532-538 

wire-rods (see "Rod mills") 

wrought iron 213, 217 

zees 532-538 

Rolling angle 

definition 389 

Rolling-mill drives 
acceleration torque 

requirements 444 

alternating-current motors .... 446 
auxiliary-equipment drives ... 461 

billet mills 483, 485, 489 

blooming mills 473-476 

cold-reduction mills (see 
"Cold-reduction mills") 

connection to miU 424 

continuous mills 456 

development of 442 

direct-current motors 

for 442, 446, 448 

electric motors for 446 

electrification 441 

flywheels for 448, 454, 455, 456 

four-high reversing plate 

mUl 512 

future 461 

historical 441 

horsepower installed in 

electric main drives 441 

hot-strip-mUl 

stands 456, 591, 592, 593 

Idling friction torque 444 

manipulator drives 461 

motor-generator sets for 

supplying power to 454 

motor-room ventilation ........ 459 

notch-back control 455 

plate-miU broadside stands.... 515 
plate-miU finishing 

standi 515,519 

plate-mill roughing 

stands 515, 519 

plate mills 508, 515, 519 

power requirements 444-44$ 

power requirement dependent 

on speed 446 

power requirements dependent 

on temperature 445 

primary mills 473-476 

reversing mills 452, 473-476 

scale briers for 
plate mlRs 510, 514, 819 
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RoUinfi-mill drives (oont.) 


screwdown drives 461# 510, 512 

selection of 443 

shear drives 461 

8ide*guard drives 461 

^b-squeezer drives 515 

slip regulators 454, 455 

speed control 442, 450-452 

squirrel -cage motors for 446 

steam engines 441 

structural-mill 532, 533 

synchronous motors for 446 

table-roller drives 461 

three-high plate mills 508 

torque requirements 444 

twin-motor drives 453, 459 

types of motors for 446 

i^versal plate mill 521 

variable-speed control 442 

wheel-mill 574. 575 

work done in deforming metal. 444 
wound-rotor induction motors. 447 
Rolling mills 

accessories for 424-430 

arrangement of 420 

Assel mills 755 

auxiliary drives 460 

balancing 

rolls in 426, 508, 510, 519, 521 

bar mUls 540-550, 740 

bearing chocks 426 

bearings for 426 

Bedson mills 678 

Belgian mills 420, 542, 543 

blooming mills (see '"Blooming 
mills,” also “Primary mills,” 
also “Slabbing mills”) 

chock arrangements in. 426 

chuck for 426 

classification of 420 

closed-top housings 427 

cluster- type 420 

cold-reduction (see “Cold- 
reduction mills”) 

combination-type 421 

cone-roll type 424 

construction 420-430 

continuous (see “Continuous 
mUls”) 

coimterbalances for rolls 426 

coupling boxes for 424, 431 

couplings for 424 

cros8-co\mtry type 420, 544, 545 

delivery guides for 430 

disc-type 424 

drag-over type 420 

drives for (see “Rolling-mill 
drives”) 

edgers for 428 

edging rolls for 428 

electric motor driven 441-462 

entering guides for 430 

feet for housings 427 

“finishing” mills 594, 596 

flat-rolled steel-product 

mills 583 

four-high (see “Four-high 
rolling mills”) 

Fretz-Moon type 424 

future drives 461 

Garrett-type 422, 675, 678, 

680, 681, 682 

Gray-type 421, 422 

guards for 428 

guide type 420 

guides 428, 433 

hand hot mitls 694 

hot-*8trip mUla 456 


INDEX 

ingot receipt from soaking 

pits 

jobbing mills 5^ 

Krause-type 423 

Lamberton-type 423 

lead spindle for 424 

looping 

mills 543, 544, 675, 678, 682 

main drives for (see “Rolling- 
mill drives”) 

manipulator drives 461 

manipulators for 428 

Manncsmann-tsrpe 424, 741-743 

merchant-bar mills 540-550 

Morgan-type 422, 675, 678 

motor-room ventilation 459 

non-metallic bearings 426 

O-type housings 427 

open-top housings 427 

operation of 420-430 

pack mills 594 

pass guides for 433 

phenolic-resin bearings 426 

Pilger mills 739 

pinion housings 424 

pinions for 424 

plate mills 503-522 

plug rolling mills 744, 745 

posts of housings 427 

power consumption 443 

power requirements (see “Roll- 
ing-mill drives”) 
primary mills (see “Blooming 
mills,” also “Primary mUls,” 
also ""Slabbing mUls"') 

pull-over type 420, 506 

rail mills 523-529 

rail-slitting nulla 545, 546 

repeaters for 420 

rest bars 427 

reversing-type (see “Reversing 
mills”) 

roll-adjusting means 491 

roll-balancing 

devices 426. 508, 510, 519, 521 

roll-changing methods 430 

roll-neck bearings 426 

roller bearings for 426 

roller tables for (see ""Tables”) 
roUs for (see ""Rolls”) 

rotary^rolUng mills 744 

Sack-type 422 

seamless-tube mills 740 

Schoen-type 422 

screwdown drives 427, 460, 461 

screw-down mechanism 427 

screws for adjusting 427 

semi-continuous plate 

miUs 506, 513 

semicontinuous-tsrpe ..421, 506, 513 

Sendzimir-type 423 

shape-roUing (see “Structural 
mills”) 

shear drives 461 

sheared-plate mills 504 

ahcet miUs (see “Flat-rolled 
products,” also ""Sheets”) 

shoes for housings 427 

side-guard drives 461 

single-stand 420 

skelp mills 726 

slabbing mills (see “Blooming 
mills,” also ""Primary mills,* 
also “Slabbing mills”) 

specialty types 421 

q;>indle carriers — ..... 424 

spindles for ^ 431 

spring of ....428, 506 

Stiefel disc piercer 424, 739 

stretch-redudng mills 729 


structural miUs 532, 533 

table-roller drives 428, 460, 461 

table rollers for (see “Table 
rollers"’) 

tables for (see "'Tables”) 

tandem arrangement 420, 506 

temper mills $33 

three-high (see “Three-high 
mills”) 

tie rods 427 

train arrangement 420 

tube-round 740 

tubular products 424 

two-high ; 420 

TJ-type housings 427 

Uniteraper-type 423 

universal mills 421, 504, 506 

universal plate mills 504 

Wenstrom-type 422 

wheel-rolling (see “Wheel 
mills”) 

window of housing 427 

wire-rod rolling 675, 678-784 

Rolling schedules 

calculation of 444 

Rolls 

adjusting means for (see also 
“Screwdowns”) 

alloy-iron for plate mills 510 

alloy steel 434, 436, 437 

back 574 

backing-up 420 

balancing 426, 508, 510, 

519, 521, 592 

band-mill 439 

bar-mill 439, 546-550 

bending of 506 

bmet-rnill ....438,480,481,483,484 

bite of 389 

blooming-miU 434, 435, 436, 

473-478 

body of 431 

built-up 437 

casting of 434-440 

changing methods 430 

chilled-iron 438, 508, 595, 596 

cold-reduction mill. . . .437, 430, 440 

composite 440 

coimterbalancing 426 

designing (see "*Holl-pau 
design”) 

diameter affects forces required 

for rolling 389 

diameter related to rolling 

practices 433 

diamond passes In 431, 432 

ductile-iron 439, 440 

Are-cracking of 434 

forged-steel 437 

galvanizing line for strip 672 

galvanizing pot for sheets 668 

grain-iron 438, 508 

hand hot mills 595, 596 

heat-treatment of 436 

hot-strip mill 437, 438, 439, 440 

iron-base (see "Tron-base 
roUs*') 

knobbling 726 

Mannesmann machine ......... 741 

manufacture of 431-440 

merchant-mill 438, 439 

neck of * 431 

overflowed 440 

pass designing (see ""Roll-pass 
design”) 

passes of (see “Roll passes”) 

plpe-mUl 439 

plain-carbon steel 434 

plate-miU 437, 438,439, 508, 

508, 514, 515, 519, 521 
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BolU (eont.) 

prisnary-mlU 434, 435, 436, 

473-478 

principal parts at 431 

ragging 478 

raU-xnill 438, 439, 525-527 

requirements at 434 


aiaing (see **Sizing rolls**) 

skelp-mill 439 

dabbing-mUl 434 

steel-base (see **Steel-base 
rolls*') 

itructural-rnm 438, 439, 532 

three-high miU 480, 481 

surface cracking of 434 

temper-mill 633 

templets for 431 

tinning-machine 634, 635 

tread 574 

turning 527 

wear in plate mills 506 

web 574 

wheel-mill 574-575 

wobbler 431 

work rolls (see **Work rolls**) 

Roof brick 

impurities allowable 180 

open-hearth furnaces 180 

silica 180 

Roof life 

open-hearth 319 

Roof lifting 

electric-arc furnaces 341 

Roof ring 

electric-arc furnaces 340 

Roofing (see **Galvanized 
sheet^*) 

Roofing granules 

dags for 175 

Roofing pitch 

tar constituent 132 

Roofing temes 658 

Roofs 

acid open-hearth 304 

air furnace * 381 

basic electric-arc furnaces 200 

basic open-hearth 200 

bonded 302 

dectric melting fur- 
nace 337, 340, 341 

open-hearth 189, 200, 302, 303 

regenerator 305 

reheating-fumace 201 

ribbed ring 302 

ring 302 

rise of arch 303 

Room-and-pillar method 

coal mining 65 

iron-ore mining 146 

Rope wire 

characteristics of 714 

Rotary disintegrator 
blast-furnace gas cleaning in. . . 236 
Rotary-hearth heating furnaces 

advantages of 410 

disadvantages of 410 

heat-treati^ applications 417 

principle of 408 

Rotary kilns 

dolomite burning in 185 

drying addition agents in 343 

lime-burning for phenol- 

recovery process 136 

limestone calcining in 136, 173 

magnesite burning in. 185 

portland-oament manufacture. . 179 
Rotary rolling 

t tubes 744 


Rotary side trimmers 

picl^g-line 599 

Rotary swaging 

principle of 389 

Rotating-beam test 

fatigue testing 909-910 

Rotating regulating systems 
direct-current motor speed 

control by 451 

Hough coating 

long-teme defect 657 

Hough turning 

axles 580 

Houghing stands 

bar mills 542 

continuous principle 

applied to 543-545 

hand hot mills 595 

hot-strip mill 587, 591 

plate-miU 515, 519 

rail-mill 524, 525, 526 

semi-continuous plate mill 515 

structural-miU B32, 533 

Roughing train 

continuous plate mill 519 

Round 

blast furnace 245 

Hound bars 

rolling of 540-550 

Round billets 

seamless-tube material 463 

Round-edge flat bars 

roll passes for 548, 549 

Rounds 

tube 463 

Rubber 

pickling-tank lining 599, 687 

synthetic (see ''Synthetic 
rubber**) 

Rubidium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Run-off notch 

open-hearth 300 

Hun-off slag 

basic open-hearth 323 

Runner cup 

foundry mold 371 

Runner gate 

blast furnace 237 

Runners 

blast furnace 237, 247 

Running-out fire 

South Wales process 210 

Himout table 

hot-strip mill 593, 594 

Rupture strength 

determination of 919 

hot hardness related to 920 

Rupture testing 

principles of 919 

strain-rate effect on 921-922 

Russia (see ''Soviet orbit*’) 

Rust 

composition of 685 

nature of 620 

Rusting 

tin plate 65D, 651 

Ruthenixim 

atomic number 6 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 


S-curves (see 'Isothermal trans- 
formation diagramiy’) 


SAS steels (see "AISI alloy 


steels**) 

Sack 

cement, weight of.« 179 

Sack rolling 

principle of 422 

Sacrificial coatings 

metaUic 621 

Saddle 

Rockrite machine 761 

Safe inhibitors 

definition 619 

Si Lawrence magnetite Iron ore 

geologic age of, 142 

Sal ammoniac 

flux for galvanizing 668 

Salamander 

blast-furnace 226 

Salamander furnace 
wroU|^t-iron production Sn...« 208 
Salt 

descaling with 504 

Salt baths 

coloring steel in 625 

Salt-bath furnaces 

annealing wire in 705 

billet heating in 774 

carburizing In 815 

descaling stainless 

steels in 860, 861, 862 

heat-treating applica- 
tions 416, 810 

high-speed steel heated in 839 

tempering in 812 

Salt domes 71 

Saltpeter 

composition 30 

Salts 

ammonium (see ** Ammonium 
salts**) 

characteristics of 21 

corrosion caused by 615 

fluxing products 172 

terminology 26 

Salzgitter iron ores 

geologic age of 142 

Smarium 

atomic number 8 

atomic weight 8 

symbol 8 

Sampling 

acid electric-furnace slag 355 

basic electric-arc furnace 

steel 852 

heat- and corrosion-resistant 

steel castings 376 

hot-dipped tin plate 636 

hot metal 247 

iron ores 147, 160, 170 

open-hearth heats 312, 313 

pig iron 247 

scrap 351 

Steel during pouring 817 

tin plate 636 

add open-hearth bottom 

material 800 

alkaUes in 801 

alumina in 801 

bank (see "Bank aand**) 

facing * 871 

ferrous oxide in 801 

heap 371 

ignition loss 801 

iron oxide in 301 

lime in 301 

magnesia in 301 

magnetite, origin of., 148 

opmi-hearth add bottom 
material 800 
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Sand (eont.) 

parting 871 

portland^cement raw mataxial. 179 

potassium oxide in 801 

silica cement from 185 

silica in 801 

sodium oxide in 301 

steel foundry use in molding.. 867 
Sand-and-water flotation 

coal preparation 87 

Sand blasting 

bars 555,556 

cleaning steel for coating by. . . 621 
Sand-iron rolls 

rail-mill 527 

structural-mill 532 

Sandblasted-finish tubing 

surface characteristics 766 

Sandstone 

acid-Bessemer converter 

lining 180 

alumina in 180 

composition 271 


hot-metal mixer lining 180, 

iron oxide in 

lime in 

occurrence 


Sattirated gases 


Saturated hydrocarbons 
light-oil constituents . 
Saturation 


Saturator liquor 


Saturators (sec also •'Absorbers”) 

ammonia recovery in 

ammonium sulphate production 

in 

spray-type (see ”Spray-type 
absorbers”) 

Sawing 


pipe 734 

rails 528 

structural and other 

shapes 533, 538 

Saybolt Universal Viscosity 

pitch-tar mix 73 

tar 73 

topped tar 73 

virgin tar 73 

Scabs 

ingot surface defect — 391, 395, 493 
Scaffolding 

blast furnace 248 

Scale 

acid-Bessemer process use of.. 276 

blast-furnace use of 223 

iron oxides in 596 

open-hearth addition 812, 813 

removal of (see "Descaling,” 
also "Grit blasting ” also 
"Sand blasting,” also "Shot 
blasting,” alio "Hidcling”) 

toUed-in 557 

source of 228 

Scale breakers 

hot-itripmiU 587, 591 

plate-min 594, 510, 514, 519 


Scale c^ 

blast Ihtmace 243 

Scale pits 

wheels 577 

Scale removal (see "Descaling,” 
also "Grit blasting ” also 
"Pickling,” also "Sand blast- 
ing,” also "Shot blasting”) 

Scale testing 

wire springs 722 

Scaling 

aluminum retards 876 

blowholes exposed by 395 

chromium retards 876 

controlled atmospheres for 

prevention of 810 

factors involved in 597 

heat-resisting steels 876-880 

Ingots 402. 406 

rate of 411, 414, 597, 877 

silicon retards 876 

slabs during heating 504 

steel in heating furnaces. . .411, 414 


dorm^t (see "Dormant scrap”) 
electric-furnace process 

utilisation of 204. 337, S39, 

350, 351, 355 

foundry use for steel castings. . 366 
home (see "Home scrap”) 

iron foundry use of 381 

lead in 205 

magnetic testing of 205 

nickel in 205 

open-hearth charge constit- 
uent 204, 308, 309, 329, 330 

open-hearth oxidation of... 310, 322 

pellet testing of 205 

physical preparation 205 

physical requirements 351 

pit 308 

pneumatic-process require- 
ments 204 

prompt industrial (see "I^mpt 
industrial scrap") 
purchased (see "Purchased 


271 

temperature as factor in.... 596, 

597 

recovery from dags.... 


.... 177 

130 

Scandium 


residual elememts from. 


.... 825 

200 

atomic number 

8 

revert (see “Home scrap") 


180 

atomic weight 

8 

sampling of 


.... 205 

180 

melting point 

8 

segregation of 

204, 20S, 350 

180 

symbol 

8 

sizing 


.... 205 

179 

Scarfing 


sorting of 

> . • » • 

.... 205 

201 

hand 

498 

sources of 


.204, 309 

183 

hot 

498 

spot testing of.... 


.... 205 


mechanical (see "Hot-scarfing 


spark testing of 


.... 205 

262 

machines”) 


steelmaking importance of. 

.... 204 


semifinished steel 

498 

tests for composition.. 


.... 351 

53 

tube rounds 

740 

Thomas process use of. 

• * • * 

.282, 283 


Scarfing cracks 


tin in 


.... 205 

126 

cause of 

498 

types of 




Scarfing machines 


zinc in 


.... 205 

852 

hfllet-miU 

491 

Scrap drop 




primary-mill 

472 

open-hearth plant .... 

. . . • • 

.... 294 

121 

Scarfing torches 


Scruff 



121 

development of 

498 

tin-plate coating defect 


.... 647 


Scheelite 


Scrap sheets 



120 

addition agent 

203 

long-teme 


.... 657 


Scherbius system 


Scratch Brush Wire 



120 

speed control for alternating- 


manufacture of 


.... 713 


current motors 

450 

Scratches 




Schloemann rollers 


bar defects 


.... 557 


principle of 

460 

Screening 



552 

Schoen rolling mill 


coke 

,112, 244, 259 

491 

principle of 

422 

iron ores 

• • • • 

.147, 160 

778 

Scleroscope 


refractory raw materials... 

.... 183 

734 

principle of 

901 

slags 


.... 177 


Scramming 

open-pit iron-ore mining 160 

Scrap 

acid-Bessemer process 

requirements 204, 276, 280 

acid open-hearth charge 

constituent 329, 330 

acid open-hearth oxidation of.. 332 

analysis of 205, 351 

baling of 205 

Bessemer process 
requirements ........204, 276, 280 

blast-furnace use of 223 

charging problems 205 

chemic^ analysis of 205, 351 

classifleation of 204, 205 

composition tests 351 

consumption of 204 

coolant for Thomas proees8.282, 283 
coolant in add-Bessemer 

process 275 

copper in 205 

crucible process use of 263 

cutting mediods * 205 

density of char|dng-box 
loads 205 


Screw-discharge unloaders 

larry car, coke oven 106 

Screw stodk 

historical 675 

Screwdowns 

drives for 460, 592 

plate-mill 510, 512 

rolling-mill ...427, 460, 510, 512, 592 
Screws 

hand hot-mill 595 

rolling-mill 427, 595 

Scrubber 

wash oil 124 

Sea-water magnesite 

basic brick dP 190 

uses of 181 

"Seal of Qualitsr” roofing dteets 

coating weight 661 

Seale elevator hoisting rope 

construction of 719 

Sealing 

blast-furnaces for b a nk ing 249 

coke-oven doors 93, 104 

furtiace systems 86, 88 

open-hearth walls 801, 803, 805 

regenerators 805, 4KI8 
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Sealing (eont.) 

soaking-pit regeneratora 402 

tin cans 451 

Saamlass buttress-thread casing 

characteristics of 782 

Seamless-tube mills 

Assel nulls 755 

continuous type 459, 751-755 

Mannesmann piercer 741-743 

Pilgcr mUls 739 

plug-rolling mills 744, 745 

products of (see **Seamless 
tubes”) 

reeling machine 746 

rotary-rolling mills 744 

sizing rolls 747 

Stiefel disc piercer 739 

stretch-reducing miUs 751 

Seamless tubes 

alloy-sterf 739, 740 

Assel mill for rolling 755 

basic op«i-hearth steel for 740 

Bessemer steel for 740 

casing for oil wells 739 

cold drawing of 756-766 

cold-esqpanded 751 

continuous seamless proc- 
ess 751-755 

cupping process for 725, 767-770 

cylinders made from 770 

deoxidized Bessemer steel for. . 740 
double-piercing process for.... 739 
draw bench for cold drawing. . 757 

drill pipe 739 

duplex process lor making 

steel for 740 

expanding 751 

fa^ioating practices 755 

heat- and corrosion- 

resistant 739, 740 

heat treat- 
ment 748, 762, 763, 765, 766 

heavy-wall 755 

historical 724, 738, 739 

hot extrusion of 770-778 

hot-finished .765, 766 

line pipe 739 

Mannesmann piercing machine 

for 741-743 

mechanical properties after 

various treatments 762 

medium-annealed 765, 766 

normalized 765, 766 

oil-well casing 739 

oil-well tubing 739 

Open-hearth steel for 740 

operations for making 740, 741 

pickled finifh 765, 766 

pickling for cold drawixig. . .758, 759 
piercing 

methods 725, 738, 739, 741-743 

piercing operations 741-743 

Pilger rolling mill for 739 

plug rolling 744, 745 

pointing for cold drawing 758 

processes for making. 725 

pump tubing 739 

quenching and tempering 748 

reeling machine for 746 

requirements of 739 

Ro^ite process for 

reducing ......760-762 

rolling mills for produdng <see 
”Seainles8-tube mills”) 

rotary rolling 744 

.jand-blaated fini^ ........765, 766 

ahot-Ubsted BnUHx 765, 766 

sizing 747 

soft-annealed ...............765, 766 

spinning ends of 770 


spray-quenched deep-well 

casing 748 

steelmaking practices 740 

steels for 739, 740 

Stiefel disc piercer for 738 

stretch-reducing mill for 751 

surface finishes for 765 

tempering 748 

tube-round rolling 740 

warm working 747 

Seams 

blowholes related to 395, 493 

butt-welded pipe 727 

causes of 556 

definition 493 

heating practice related to 493 

ingot cracks related to 483 

long-teme defect 657 

rolling practice related to 493 

surface pits related to 483 

Seasoning 

iron castings 384 

Second 

definition 16 

Second helper 

open-hearth 808 

Secondary aluminum 

addition agent 203 

Secondary cleaning 

blast-furnace gas 225, 235 

Secondary dry cleaners 

blast-furnace gas 236 

Secondary expansion 

fireclay refractories 188 

Secondary fuels 

definition 51 

Secondary hardening 
tempering phenomenon *...832-834 
Secondary leads 

electric-arc furnaces 344 

Secondary wet cleaners 

blast-fiumace gas 236 

Seconds 

tin-plate 636 

Sections 

finishing operations 538-588 

inspection of 539 

rolling of 532-538 

Sedimentary rocks 

iron ores in 141 

origins 70 

Segregation 

banding related to 387 

blast-furnace charge 232 

ingot phenomenon .391, 895 

negative 895 

podtive 395 

■crap (see **Scrap, segregation”) 
Selgerland siderite Iron ore 

geologic age of 142 

Selenium 

addition to steel 203 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

boiling point 8 

ferroselenium constituent 203 

iron-ore constituent 143 

melting point 8 

stainless-steel constituent 855 

aymbol 8 

Self-fluxing iron ores 
Birmingham District .......145, 172 

carbonate ores of iron.. 141 

Clinton hematite 139 

Self-induction 

definition 45 

Sdf-sealing coven 
eoeking-pit 402 


Self-sealing doors 

Coke oven 104 108 

Semet-Solvoy coke ovens 

design of 94, 99 

firing principles 94, 99 

principle of operation 94, 99 

SemianUiracite coal 

characteristics of 62 

fixed-carbon range of 64 

origin 62 

volatile matter in 64 

Semicontinuous mills 

bar-mill applications of 545 

plate mills 506, 513-517 

principle of 421 

Smnidirect process 

ammonia recovery 117 

Semifinished steel (see also 


“Hot-rolled breakdowns,” 
also ”Slab8”) 

bloom-turning machines for 


handling 501 

burned steel related to surface 

defects in 494 

cinder patch related to surface 

defects in 494 

conditioning 493-502 

controlled cooling of 501 

cracks from scarfing 498 

flake prevention in 501, 502 

grinding 498 

hand chipping 496 

hand scarfing 498 

heat treatment of 498, 501, 502 

hot rolled breakdowns in 
coil form for cold reduc- 
tion 586, 587 

hot scarfing 498 

ingot cracks related to surface 

defects in 493 

inspection of 495 

laps in 495 

machine chipping 496 

milling mac^es for condition- 
ing 496 

pickling for inspection 496 

planers for conditioning 496 

preparation for finishing 493-502 

removal of surface defects. .496-501 
scabs related to surface 

defects in 493 

scarfing of 498 

scarfing cracks 498 

seams in 493 

straddle carriers for 501 

surface-detect removal 496-501 

surface defects 493-495 

thermal sensitivity 501 

Semikilled steel 

aluminum as deoxidizer 328 

black plate made from 585 

deoxidation practice 396 

electric-arc furnace for 

production of 889 

ferrosilicon as deoxidizer 328 

flat-rolled products made from. 585 

ingot structure of 393, 394, 396 

mold additions for.. 396 

overheating of ingota 396 

sheet steels mada from......... 585 

strip sted made from 585 

steelxnaking practices 396 

tin plate maae flrom 565 

Sendpermanent molds 

Iron casting 384 

Semisilica brick (see also 
“Siliceous fireclay brkfis;”) 
blast-furnace stove sppUca- 
tiens 199 
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Seinisilica brick (cont.) 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation under load — 188» 192 

density 188 

heating-furnace refractory .... 201 

hot-load resistance 188, 192 

modulus of rupture 188 

open-hearth furnace applica- 
tions 200 

p3rrometric cone equivalent 186 

spalling resistance 188 

specific gravity 188 

soaking-pit refractory 201 

true specific gravity 188 

Semisplint coal 

characteristics of 63 

Semistar inserts 

checkerwork 233, 234, 235 

Semithin-wall blast furnaces 

construction of 228 

Sendzimir-type rolling mill 

principle of 423 

Sensible heat 

definition 53 

Sensitivity 

thermal 501 


Shear distortion 

bar defect 

Shear gage 

primary-miU 472 

Shear-mode fracture 

impact-test specimens 907 

Shear modulus 

temperature effect on 922 

Shear strength 

determination of 925 

Shear testing 

principles of 925 

Sheared mill plates 

classification of 503 

Sheared-plate mills 

types of 504 

Sheared plates 

classification of 503 

size limitations 584 

Shearing 

bars 551, 552 

black plate 633 

electrolytic tin plate. 644 

joint bars 531 

packs 596 

plates 507, 509, 512-513, 515, 

516, 520, 522, 736 
skelp 727 


hot-rolled only 1 

hot rolling in hand niilis. . . .594-! 

killed steels for < 

long terne (see “Long ternes**) 
Manufacturers’ Standard Gage 

for j 

pickling SW-eoi, 1 

production steps for 1 

residual elements in steels 

for 

rimmed steels for 

semikilled steols for!.!!!!!!.]! 

sheet bars for rolling !!!!! 

stainless-steel, rolling 861- 

steam-blued ! , ^ ^ 

steels for !!!!!!!!!! 

two-high mills for roiling! ! ! ! ! ! 
zinc-coated (see “Galvanized 
sheets”) 

Shell 


bell-type furnace 415 

blast-furnace 226 

converter V271, 272 

electric-arc furnace 340» 341 

hot-metal mixer 274 

Shell molds 


iron casting 384 

Shells 


Separating walls 

coke ovens 93 

Series-arc furnaces 

steelmaking 334 

Series-wound motors 

principles of 47 

Serpentines 

formula 181 

Settling basins 236 

Settling cones 
water clarification, coal 

preparation 68 

Severity of quench 

coefficient for 806 

media selection for control of. . 811 
Sewage trickle-filter media 

slags as 175 

Shaft 

blast-furnace 225 

Shaft-type furnaces (see also 
“Blast furnaces”) 

direct-reduction processes 207 

iron smelting 221 

Shafts 

underground iron-ore mining. . 164 

Shakeout machines 373 

Shaking out 

steel-base rolls 436 

stedl castings 373 

Shale 

portland-cement raw material. 179 
Shape-rolling mills (see *'Struc- 
tural miUs”) 

Shapes 


finishing operations 538-539 

inspection of 539 

refractory (see '^Massive 
refractories’^ 

rolling of < .532-538 

Shaping 

steel (see ^Cold working,” also 
“Hot working”) 

Shared electrons 21 

Sharon conglomerate 

occurrence 160 

flOuitter cracks 

rails control-cooled to prevent. 528 
Shear 

basic brick failure by 190 

silica Iwick failure 190 

Shear approach tables 
Indinary-flslll 


tin plate 644 

wheel blocks 570 

Shears 

bar 595 

biUet-mill 491 

bloom 472 

down-cut 472 

down-and-up cut 472 

drives for 461 

flying (see “Flying shears”) 

galvanizing line 669, 672 

hot-strip miU 587. 589, 591 

pickling line 599 

slab 472 

squaring 596 

structural-mill 533, 539 

Sheet bars 

breaking down 594 

cross rolling 594 

definition 594 

matching for rolling 594 

Sheet galvanizing (see 
“Galvanizing”) 


Sheet mills (see “Cold-reduction 
mills,” also “Hand hot mills,” 
also “Hot-strip mills,” also 
“Sheets”) 

Sheet weight test 

long temes 657 

Sheet Zinc Gage 928 

Sheets 

acid-Bessemer steel for 585 

air-blued 625 

aluminum-dad €23 

annealing cycle for 416 

basic open-hearth steels for — 585 

blued 625 

capped steels for 585 

cold -reduced (see also “Cold- 

roUed sheets”) 602-614 

cold-rolled (see ’’Cold-rolled 
sheets”) 

copper-clad 623 

gage numbers 

for 928,929.930-931 

galvanized (see “Galvanized 
sheets”) 

galvanizing (see “Galvanizing”) 

galvannealed 893, 666 

hand hot mills for rolling. . .594-596 
hot-rolled (see ’TBtot-roUed 
sheets”) 


electron 9 

Sherardizing 

principles of 623 

Shingle construction 

blast-furnace shell 226 

Shingling 

puddle balls 213 

Shipping 

bar-mill products 559-560 

Shock 

thermal (see “Thermal shock”) 
Shoes 

rolUng-mill housings 427 

Shops 

open-pit iron-ore mines 161 

Shore sderoscope 

principle of 901 

Short temes (see “Teme plate”) 
Short-toe joint bars 

types of 530 

Shot blasting (see also “Abrasive 
cleaning”) 

deaning steel for coating by. . . 621 

flat-rolled steel products 601 

heat- and corrosion-resistant 

steel castings 376 

sted castings deaned by 373 

Shovels 

open-pit iron-ore mining. ...... 161 

Shower gates 

foundry mold 372 

Shrink i^es 

patternmakers’ rules 367 

Shrinkage 

iron castings SH, 380 

steel castings 367 

Shrinkage cavity 
ingots (see “Pijie”) 

Shrinkage stoping 

iron-ore midng 168 

Shunt 

definition 41 

Shimt-wound motors 

prindple of 47 

Shuttle care 

iron ore 146 

Siamo slates 

Marquette range 153 

Side blowing 

acid-Bessemer process 274, 275 

Thomas proceai 283 


472 
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Side-blown converters 
steelmaking in (see **Side- 
blown process") 

Side-blown process 

air-blast pressures used 284 

auxiliaries for 284 

blast pressures used 284 

carbon elimination in 284 

converter capacity 284 

converters for 266 

deoxidation reactions 285 

end point 284, 285 

ferrosilicon as heat source 284 

flame characteristics 284, 285 

iron-oxide reactions in 284 

manganese reactions in 284 

nitrogen control 285 

oxidation reactions 284 

oxygen-enriched air for. ....... 285 

oxygen for blowing 285 

refractories for 824 

sequence of operations 284 

aUicon elimination in 284 

slags 284 

temperature control 285 

thermal requirements 284 

Side-combustion stoves 

blast-fumace 233 

Side guards 

drives for 461 

Side trimmers 

electrolytic-tinning line 640 

pickling-line 599 

Side trimming 

black-plate coils 633 

coils for tin plate 633 

Siderite 

chemical composition 139 

iron content 139 

iron-ore constituent 139 

occurrence of 139 

Sidewalls 

electric melting fur- 
nace 337, 340, 341 

Siding (see "Galvanized sheets") 
Siemens process (see "Open- 
hearth processes") 

Sigma phase 

fron-chromium system 854 

Iron-chromium-nickel 

system 856, 857, 858 

Silal 

composition 382 

smca 

acid electric-arc furnace 
process slag constituent. . .355, 356 
acid open-hearth slag constit- 
uent 331 

alumina-silica phase diagram.. 191 
basic electric-fiimace idag 

component 355 

blast-furnace behavior 

of 250,254-255 

blast-fumace slag compo- 
nent 254, 257 

burned-dolomite constituent .. 173 

burned-lime constituent 173 

coke constituent 256, 257 

dolomite constituent 173, 181 

duplex-process slag constit- 
uent 362, 363 

ferrous oxide-alumina-silica 

system component 192 

ferroxis oxide-ferric oxides 

silica system component 197 

ferrous oxide-silica system 

component 197 

fluorspar constituent 173 

flux component 172 

ganister coasUtuant 180 


heat of formation... 251, 277 

iron-ore constituent. . .140, 142, 143, 
145, 151, 223, 256, 257, 360 
lime-alumina-silica system 

component 193 

lime-magnesia-siLica system 

component 198 

lime-silica system component. . 196 
limestone constituent... 173, 256-257 

magnesite constituent 181 

melting point 187, 191, 192, 

193, 194, 195, 197, 198 

mica-schist constituent 180 

manganous oxide-alumina- 

silica system component 196 

open-hearth slag constit- 
uent 322, 323, 326 

Portland -cement constituent... 177 
potassium oxide-aliimina-silica 


system component 195 

quartzite constituent 180 

reducing-dag component 353 

reduction in blast furnace 252 

refractories containing 182 

refractory raw material 180 

sand constituent 301 

silica-alumina phase diagram. . 191 
siliceous fireclay constituent... 180 
sodium oxide-alumina-silica 

system component 194 

so\irces 29, 173 

Silica brick 

alkali attack of 193 

alumina in 180 

apparent porosity 188 

basic electric-arc-fumace roof 

refractory 200 

bonding with lime 194 

bulk density 188 

chemical composition 182 

coke-oven construction 

with 94, 99, 103 

cold strength 188 

deformation under load 188 

density 188 

drop molding 184 

electric melting furnace 

use of 337, 340, 341 

emissivity factor 59 

heating-furnace refractory .... 201 

hot-load resistance 188, 190 

impurities affecting hot-load 

resistance 190 

impurities aflfecting refractori- 
ness 193 

lime for bonding 194 

linear expansion 187 

modulus of rupture. 188 

open-hearth furnace applica- 
tions 200, 300* 301, 803, 304 

physical properties 188 

raw materials for 180 

roof brick for open-hearths.... 180 

shear failure of 190 

aoaking-pit refractory 201 

softening range 190 

spalling resistance ..188, 191 

specific gravity 188 

thermal conductivity 190 

thermal properties 188 

true specific gravity 188 

Silica cement 

constituents of 185 

Silica fireclay (sea "Silica 
cement") 

Silica-alumina system 

phase diagram 191 

SUlca^^alumlna-ferroiis oxide 
system 

phase diagram 192 


SUica-alumina-lUne aystem 

phase diagram 193 

Silica-alumina-manganoua 
oxide system 

phase diagram 196 

Silica-alumina-potassium oxide 
system 

phase diagram 195 

SUica-alumina-aodium oxide 
system 

phase diagram 194 

Silica-ferrous oxide system 

phase diagram 197 

Silica-ferrous oxide-ferric 
oxide system 

phase di^am )97 

Silica-lime system 

phase diagram 196 

Silica-lime-magnesia system 

phase diagram 198 

SiUca sand (see also "Sand") 
steel fotmdry use in molding.. 367 
Siliceous flreclaya 

characteristics 180 

silica in 180 

Siliceous flreday brick (see also 
"SemisOica brick") 

apparent porosity 188 

bidk dentity 188 

cold strength 188 

deformation under load 188 

density 188 

hot-load resistance 188 

linear expansion 187 

modulus of rupture 188 

spalling resistance 188 

specific gravity 188 

true specific gravity 188 

Siliceous refractories 

chemical compositions 182 

open-hearth 288 

raw materials for 180 

•oaking-pit applications 201 

types of 180 

Silicomanganese 

constituents 202 

deoxidizer for steel 202 

Silicon 

acid-Bessemer hot-metal 

constituent 276 

acid-Bessemer process behavior 

of 267 

acid-Bessemer process oxida- 
tion of 277 

acid-Bessemer process role of. . 278 
acid-Bessemer steel addition. . . 280 
acid electric-arc furnace oxida- 
tion of 356 

acid open-hearth oxidation of. . 332 

adds formed by 29 

addition to steel 203 

atomic number 8 

atomic weight 8 

basic electric-arc furnace 

process oxidation of 352 

blast-fumace behavior 

of 143, 252, 254-255 

blast-fumace reduction of 

compounds 143 

boiling point 8 

carbon in pig iron influenced 

by 251 

content of Earth’s crust. 6 

deoxidizer for steel 202. 328 

electric-furoaoe fexrosUicon 

constituent * 203 

ferrite former 7N 

ferrite strengthener 834 

frmoolumbium constituent ... 103 
ferrosilieoa eooatituent 203 
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Silicon (cont) 

flux component 172 

graphltUBation promoted by.... 378 
beat aource in acld-Bessemer 

process 278 

IMgiainfl process for silicon- 
izing steel surfaces 623 

irmiocasting properties affected 

by 878 

iron-ore constituent (see also 

-Silica”) 143 

magnetic properties of steel 
related to content of. .835, 848, 851 

melting point 8 

multipl^g factors for 830 

occurrence of 29 

*open-hearth oxidation 

of 287, 310, 311, 322 

orthosilicie acid from 29 

oxidation in air furxiace 381 

oxidation in 

open-hearth 287, 310, 311, 322 

pig-iron constit- 
uent 143, 221, 251, 257, 361 

pig-iron melting point aflected 

by 877 

properties of 29 

scaling reduced by 876 

segregation in ingots 395 

side-blown process role of 284 

silicoxnanganese constituent ... 202 

specific gravity 29 

splegelel^n constituent 203 

steel castings* content of 368 

symbol 8 

tempering rate influenced 
by 831. 832 


Simple cubic unit cells 12 

Simple hexagonal unit cells.... 12, 14 
Simple monoclinic unit cells.... 12 
Simple orthorhombic unit cells.. 12 
Simple replacement 

chemical 20 

Simple tension 

principal stresses in 892 

Simple tetragonal unit cells 12 

Single-acting steam hammers 

principle of 387 

Single-arc furnaces 

steelmaking 334 

Single-block system 

beehive coke ovens 91 

Single-burned dolomite 

calcining temperature 184 

open-hearth use of 319 

Single collecting mains 

coke ovens 105 

Single-divided coke ovens 94 

Single-draft coarse wire 

dry drawing of 697 

Single-flange wheels 568 

Single-heat process 
duplex steelnmking process. ... 362 
Single-refined iron 

definition 214 

mechanical properties 219 

Single-rolled kon 

definition 214 

Single shear stee^ 

cementation process for 262 

Single-slag practice 
basic electric-arc furnace 

process 353 

steel foundry use of 367 


heating for butt- 
welding 727, 728, 732-734 

pipe 724 

roller leveling of 732 

rolling of 72^ 

shearing 72f 

.spellerizing !!!!!! 726 

tiiroading through heating 

furnace ^ 732 

welding coils of * 732 

Skclp mills 

rolls for 

Sketch cutting 

^plates 513^ 510 

Skewback channel 

open-hearth 299. 301 

Skewbacks 

brick for 303 

cooling */.’* 303 

open-hearth 298, 299, 303 

water cooling 303 

Skid-hearth type heating furnaces 

principle of 399 

Skid marks 

elimination of 504 

Skids 

reheating-furnace 589 

Skimmer 

blast-furnace 237 

Skimmer gates 

foundry mold 372 

Skin 

ingot 892 

rimmed-steel ingots 396 

Skin blowholes 

ingot structures exhibiting. .393, 394 
Skin laminations 


Thomas-process limitations 

for 282 

wrought-iron constituent 218 

Silicon blow 


Single-stand rolling mills 


applications of 420 

Sink-head 

steel-base-roll casting 434 


long-teme defect 657 

Skin rolling (see “Temper mlUa”) 
Skin temperature 

coke 94 


acid-Bessemer process 274, 277 

Silicon carbide 

chemical formula 29 

Silicon dioxide (see **Silica**) 

Silicon pig iron 223 

Silicon-steel electrical sheets 
(see **Electrioal sheets”) 

SUicon structural steel 841 

Silicospiegel 

composition ranges 221 

SlUimanite 

btumer-block refractory 201 

characteristics 181 

SlUimanite brick 
basic electrlc-arc-fumace roof 

refractory 200 

d)aractca*i8Uc8 181 


Sinker roll 

galvanizing-pot 672 

Sinter 

blast-furnace use of 223 

constituents of 223 

hard-burned 149 

Sintering 

flue dust from 237 

iron ores 148 

open-hearth bottoms 299, 300 

powder compacts 206 

Sintering machines 

prindples of operation 148 

Six-draft wire 

dry drawing of 698 

Size point 

Rockrite machine 761 


Skip bridge 

blast-furnace 230, 231 

Skip bucket 

blast-furnace 230 

Skip car 

blast-furnace 231 

Skip hoist 

blast-fumace 229, 282 

Skip pit 

blast-fumace 244 

Skips 

blast-fumace 230,232,244 

hoisting iron ore from mines. . . 165 

SkuU 

steel 315 

Slab-and-edging rolling method 


Silos 


Sizing 


rails 


525 


iron-ore storage 147 

SUver 

idloys with copper 25 

aUoys with gold 24 

atoxnie number 3 

atomic weight 2 

boiling point 8 

melting point 8 

symbol 8 

Silver-copper alloys 

phase diagram 25 

SUvar-gold alloys 

phase diagram 24 

SUver tin 

diaracteristles of 630, 636 

Cfllvery pig iron 

eomposition ranges 221 

Simple beam test 

Impact testing 904-908 

ffinmle compression 
princsipal stresses in 892 


bars 

basic fluxes 

burned lime 

coke 

dolomite 

electric-resistance-welded 

tubing 

dectric-wdded pipe 

fluorspar 

fluxes 

Iron ores 

limestone 

neutral fluxes 

seamless tubes 

Sizing machine 

butt-welded pipe 

Sizing roUs 

pipe-mUl 

Skelp 

clipper lor 

eoUed 


.... 552 
.... 173 
.... 173 
.... 259 
173, 259 

.... 736 
.... 738 
.... 173 
.... 173 
.... 143 
173, 259 
.... 173 
.... 747 

.... 734 

.... 729 

.... 727 
.... 732 


Slab crop 


definition 

463 

Slab-heating furnaces 

(see also 

“Reheating furnaces”) 

hot-strip mUls 


Slab pass 


rolllng-mUl rolls . . . . 


Slab pushers 


broadside-mill 

589, 591 

reheating-fumaee .. 


Slab shears 


capacity 

472 

Slab squeezers 


hot-strip miU 


plate-mill 


Slab-turning devices 


hot-strip mUl 


plate-miU 

...508, 515, 519 

Slabber pass 


rail-mill 

m 
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Slabbing mills (see also *‘Primary 
mills”) 

drives for 452-455 

f\mctions of 464 

general features 463 

maniptilator drives 461 

operation of 586 

power consumption 443 

rolls for 434, 435. 436 

screwdown drives 461 

shear drives 461 

side-guard drives 461 

size designation 463 

table-roller drives 461 

universal 467 

Slabs 

continuous furnaces for 

heating 504 

controlled cooling of SOI 

cross rolling 587. 591 

descaling 504. 510, 514, 519 

heating for hot-strip mills.. 587. 589 
heating for 

rolling 85, 400, 503, 504, 507, 

509, 514, 519, 520 

hot rolling of 586 

hot-strip mill raw material 586 

identification marking 472 

physical shape of 463 

preheating for rolling 509-513 

rolling ingots to 463-479, 586 

scaling during heating 504 

shears for 472 

ddd marks on heated 504 

squeezers for 515, 587. 591 

stainless-steel, rolling 860, 861 

transfers for 508, 509 

Slag basicity 

open-hearth slags 326 

Slag cements 

slags for 175 

Slag control 

add electric-arc furnace 

process 355 

acid open-hearth 331 

basic dectric-arc furnace 

process 354 

basic open hearth 323, 324, 326 

dry-bottom duplex process 363 

electric melting furnaces 339 

open hearth 311, 312, 313, 323, 

324, 326, 330, 331 
rimmed steels 396 


Slag disposal 

aeid-Bessemer process 276 

blast-furnace 240 

Slag ladles 

add-Bessemer process 270 

types of 225, 240 

Slag notches 


tilting open-hearth furnaces... 361 
Slag panc^es 
basic electric-arc furnace 
process dag control means. . . 355 


diy-bottom duplex-process 

slag control means.. 363 

open-hearth use for control... 324 
Slag pockets 

add open-hearth 304 

basic open-hearth 200 


Slag pots (see **Slag ladles**) 

Slag thimble 

open hearth 291 

Slag yard 

open hearth 294 

Slags 

acid-Bessemer (see ”Acid- 
Bessemer slags**) 

fiir-d>oled %7i 


add electric-are fumaea 


process 

acid open hearth..... 

MittmlnM in 

330, 331 

173 

Aston process use of.. 


ballast made from. . . . 


basic Bessemer (see "Basie- 

Bessemer alaoB*') 

bade constituents of.. 


bade electric-are 

furnace process ... 

..338, 352, 353, 
854, 35$ 


basic-open-hearth (see **Badc- 
open-hearth slags**) 
blast-furnace (see **Blast- 


fumace slags*’) 

by-products from 174 

carbidic-type in electric- 

furnace process 353, 855 

cement raw material 172, 175 

chemical nature of 20, 21 

concrete aggregate from. 175 

continuous duplex process 361 

crucible process 264 

crushed 174, 177 

definition 174 

dominant-pool duplex process. 361 

dry-bottom duplex process 363 

dry granulation 174 

duplex processes 361, 363 

electric-arc 

furnace 339, 352, 353-355 

electric-induction furnace 

processes 856 

expanded 174 

fireproofing material from 175 

fluidity affected by manganese 

oxides 252 

fluidity control 173 

fludiing 237, 247 

foaming of 311 

fusibility 172,178 

glass sand from 175 

granulated 174, 242 

insulating materials from 175 

iron recovery from 174, 175, 177 

Jet granulation 174 

lightweight 174 

l]me-al\:^na for electric- 

furnace process 353 

lime-silica for electric- 

furnace process 353, 355 

manganese affects fluidity 279 

manganese in 174, 223, 279 

manganese recovery from 174 

meltdown slag in electric 

furnace 354 

melting furnace for 216 

metallurgical features 174 

mineral wool from 175 

neutral slags in electiie 
furnace 339, 853 


open-hearth (see "Acid open- 
hearth dags,** also "Basie 
open-hearUi dags,**^ also 
**Duplex-process f^gs*') 
oxidizing slags in elec^c 


furnace 339, 352, 354, 855 

phosphorus in 145 

pit granulation 174 

pneumatic processes 266 

portland-cement raw materials. 179 

processing of 176 

production of 175 

quenchant in Aston procem. . , . 216 

railroad ballast from. 175 

reducing dags In 


road-building applications 175 
roofing materials from 175 


run-off in open-hearth 209 

scrap recovery from 177 

screening 177 

separation from liquid iron, ... 237 

sewage trickle-filter media 175 

side-blown process 2M 

dag cement from 175 

soil conditioners from.. 145, 175, 177 

Thomas-process 282, 283 

Thomas-Gilchrist process . .282, 2^ 
top-blown oxygen steelmaking. 286 

uses for .....145, 242 

value of 175 

wrought-iron constituent . .214, 218 
Sleeves 

stopper-rod (see "Stopper-rod 
deeves”) 

SUde 

steel ladle rigdns 216 

Slip 

definition 885 

vitreous-enamel 6^ 

Slip-joint casing 

welding of 785 

Slip planes 

definition 385 

Slip regulators 

rolling-mill drives .454, 455 

Slips 

blast furnace 248 

SUtting 

strip for electric-resistance- 

welded tubing 734 

Slivers 

bar defect 556 

long-teme defect 657 

wheel defect 577 

Sloped -hearth continuous heating 
furnaces 

principles of 407 

Sloping back wall 

open-hearth 297, 298, 299, 303 

Sloppy heats 

acid-Bessemer process 252, 279 

Slotting 

Joint bars SSI 

Sludges 

filtering 236 

tar treatment for removal of... 115 
Slurry 

portland-cement manufacture. . 179 


Slusher hoist 

iron-ore mining 165 

Slushing oils 627 

Small bell 

blast-furnace 223 

Small bell rod 

blast-furnace 231 

Small calorie 

definition 53 

Smelting 

definition 2, 172 

iron (see "Blast furnaces,** 
also **Iron smelting,** also 
**Smelting furnaces**) 

tin 631 

Smelting furnaces 

American bloomeiy 208 

bauemofen 208 

blasofen 208 

blast furnace (see **BlaSt 
furnaces**) 

blau furnace 208 

hlauofen 208 

blue furnace ..208 

Catalan hearths 207 

direct processes fat wroui^t 

IWi 207 

flussofen 208 

haut f ourneaux 109 



Smttltlx)# iHimftces (eont) 

h«arth-type 206*209 

high bloomcry 208 

hi^ furnace 209 

hiUside type 207 

hodhofen 209 

loup furnace 208 

luppenofen 208 

old high bloomery 208 

Osmund furnace 208 

primitive 206 

salamander 208 

idmft-tsrpe 209 

stuckofen 208 

wolf 208 

wolf oven 208 

Wulf’s oven 208 

Smelting hearths (see ^'Smelting 
furnaces’*) 

Smudge 

pickling 555 

Smut 

hydrochloric acid solutions for 

removal of 601 

S'-N diagrams 

fatigue testing data presented 

by 911 

Snort valve 

function of 234 

Snyder furnace 

direct-arc electric 335 

Soaking 

definition 391 

Soaking pits 

auxiliary facilities 404 

bottom center-fired 402 

bottom two-way fired 403 

bottoms of 405 

burners for 402-404, 405 

capacity of 399, 400 

cinder holes for 405 

circular 403 

coke-oven gas as fuel 402 

combustion control 405, 406 

covers for 402, 404 

cranes for 404 

dampering 397, 402, 405 

design objectives 405 

fans for combustion air 405 

firing and dampering 402, 405 

firing methods 401-404, 405 

fuel consumption in 406 

fuel economy in 83, 277, 406 

fuels for 402 

function of 399, 401 

gaseous fuels for 402 

hearth area 399 

heat utilization in 83 

heating practices 406 

ingot coverage 402 

ingot-delivery facilities 404 

ingot-handlixig 


ingot pit cranes 404 

liquid j^els for 402 

live area in 406 

mica schist for lining. 180 

min delivery facilities 405 

one-way-fired 402 

origin of name 391 

recuperators for 402, 405 

refractories for 200 

regenerative 401, 402 

regenerators for 401, 402 

sandstone for lining 180 

scaling of steel in 406 

step heating in 406 

temperature control in 398 

top two-way fired 408 

tviokageat * 404 


INDEX 


track time affects heating 

practice 

types of 401-404 

vertically-fired 402 

Soap 

wire-drawing 


Soda 

blast-furnace behavior of 253 

Soda ash (see **Sodium 
carbonate”) 

Soderberg electrodes 

electric reduction furnaces 844 

Sodium 

atomic number 8 

atomic weight 8 

blast-furnace behavior of.....« 253 

boiling point 8 

content of Earth’s crust 6 

flux component 172 

melting point 8 

symbol 8 

Sodium carbonate 

cleaning agent 621 

desulphuri^tion of hot metal 

with 282 

iron-oxide reduction 

accelerated by 253 

phenol-recovery reagent 136 

stilphur removal with 278 

tar-acid recovery reagent. . .134, 136 
tin-plate cleaning solutions 

of 635 

Sodium chromate 

corrosion inhibitor 618 

Sodium disilicate 
sodiiim oxide-alumina-sUica 

system component 194 

Sodium hydride 
stainless-steel 

descaling agent 860, 861, 862 

Sodium hydroxide 
phenol-recovery reagent ...121, 136 
sodium phenolate from carbolic 

oils washed with 134 

sulphur removal with 278 

tar-acid recovery 

reagent 134, 136 

Sodium metasilicate 
sodium oxide-alumina-aUica 

system component 194 

Sodiiun orthosilicate 
sodium oxide-alumina-silica 

system component 194 

Sodium oxide 

impurity in refractories 193 

iron-ore constituent 143 

sand constituent 301 

sodium oxide-alumina-sUica 

system component 194 

Sodium oxide-alumina-aUica 
system 

phase diagram 194 

Sodium phenolate 
product in phenol 

recovery 121, 134 

Sodium sulphide 

addition agent 203 

Soft-annealed tubing 

surface characteristics 766 

Soft wire 678 

Softening range 

fireclay refractories 190 

hlgh-alumina brick . * 190 

refractories ...188, 190 

silica brick 190 

SoU conditioners 

basic-Bessemer slags as 177 

basic-open-hearth slags as. • • . . • 177 

blast-fumaoa slags as 198, 197 



11»7 

duplex-process idags as. . . 

...177,364 

open-hearth slag for 

...145, 177 

phosphoric acid In 

m 

phosphorus in slags for. . . 

177 

as 145, 175. 177. 364 

Sole flues 


coke oven 

97 

Solenoids 


air-core . 

, 4? 

iron-ore 

42 

Solid bottoms 


open hearth 

298 

Solid fuels 



anthracite coal (see 
“Anthracite coal”) 

ash of 42 

bituminous coal (see 
“Bituminous coal”) 
boghead coal (see “Boghead 
coal”) 


boiler applications 09 

bright coal (see “Bris^t coal”) 
brown coal (see “Brown coal”) 

by-product 52 

cannel coal (see “Cannel coal”) 
cement-industry consumption 

of 179 

chain-grate stokers for 69 

charcoal for direct reduction 


coal (see “Coal”) 
coke (see also ‘’l^ehive coke,” 
also “Coke”) 

combustible components 62 

combustion 68 

consumption 84 

gasification 75-78 

geology ^ 

lignite (see “liimite”) 

manufactured 52 

natural 52 

non-combustible components . . 62 
peat (see “Peat”) 
portland-cement-industry 

consumption of 179 

ptilverized coal 69 

semi-splint coal (see 
“Semi-splint coal”) 
spUnt coal (see “Splint coal”) 

steam generation by 69 

stokers for €9 

subbituminous coal (see 
“Subbituminous coal”) 

utilization 60 

Solid solutions 

definition 25 

Solidification 

copper-sUver alloys 25 

de^tion 16 

gold-silver alloys 24 

ingots 354 

silver-copper alloys 25 

tUver-gold alloys 24 

•teel-bm roll-castings 434 

Solidification pattern 

ingots 391 

Solidification time 

ingots 893 

Solids 

characteristics of 16 

vapor pressure of 16 

Solute 

definition 23 

Solution potentials 
electromotive series compared 

to 622 

metals in various solutions 622 

Solutions 

chemical 23 

dissociation In 26 
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Solutions (cont) 

distribution coefficient 23 

freezing of 24 

Henry’s law for 24 

mol fractions 23 

Raoult’s law for 24 

solid (see ’’Solid solutions’*) 

solute defined • • * 23 

solvent defined 23 

vapor pressure of 24 

Solvent 

definition 23 

Solvent degreasing 

methods for 221 

Solvent extraction process 

phenol recovery 121 

Solvent naphthas 


light-oil constituent8...115, 122, 123 
Solvents 

heavy (see **Heavy solvents**) 


Soudan formation 

Vermilion range 156 

Sotir gas 75 

South Africa 

iron ores 140, 141 

South America 

iron ores 140, 141 

South pole 

magnetic 36 

South Wales process 
wrought-iron manufacture .... 210 
Southeastern U.S« iron ores 

production 145 

Soudiem foundry pig iron 

composition ranges 221 

Soviet orbit 

iron ores 140, 141, 142 

Space factor 

definition 852 

Space groups 

crysti^ 12 

Space lattice 12 

Spain 

iron ores 142 

Spalling 

definition 191 

mechanical 191 

thermal 191 

Spalling resistance 

basic brick 188, 191 

carbon block 188 

chemically bonded chrome* 

magnesite bride 191 

chrome brick 191 

ehrome*magne8ite bride 191 

fireday brick 188 

fireclay refractories 188, 191 

high*sdumina brick 188 

magnesite brick 191 

refractories 188, 191 

•iliea brick 188 

Spangles 

galvanized*coatlng 663, 669 

tln*plate 648 

Spanish Africa 

iron*ore reserves 140 

Spark tests 

scrap 295, 851 

Spathic Iron ore 139 

Spedal-coated manufacturing 

tames 659 

Special gas processes 78 

««Speeial*kmed** steel 

extra-deep*drawing type 566 

Special ]ow-i^o«phoru8 pig Iron 

composition ranges 221 

Special wires 

armature-binding wire 715 

|Milrff >g 698 

elaasificatiovi of .t.m...... .712*715 


cleaning mefiiods for 698 

drawing lubricants for 698 

dry drawing of 698 

heat treatment of 698 

metal-stitching wire 715 

music wire 714 

piano wire 714 

rope wire 714 

spoke wire 714 

tempered wire 714 

tire wire 714 

types of 698 

valve-spring wire 714 

Specially-smooth tubing 

surface characteristics 766 

Specific damping capacity 

definition 926 

Specific gravity 

acetylene 53 

aluminum 30 

amorphous carbon 29 

benzene 53 

black phosphorus 30 

blast-ftunace gas 79, 81 

bulk (see ’’Bulk specific 
gravity**) 

Bunker “C** fuel on 73 

butane 81 

calcium 80 

carbon (amorphous) 29 

carbon (diamond) 29 

carbon (graphitic) 29 

carbon dioxide 53 

carburetted water gas. 81 

cassiterite 631 

chromium 30 

coke-oven gas 81 

cristobaUte 189 

definition 17 

diamond 29 

ethane 53 

ethylene 53 

gaseous fuels 53 

graphite 29 

hematite 139 

hydrogen 29, 53 

hydrogen sulphide 53 

iron 31 

light on US 

liquid fuels 72 

magnesium 30 

magnetite 139 

manganese 31 

methane S3 

natural gas 75, 81 

nitrogen 30, 53 

oil gas 81 

oxygen 28, 53 

petroleum 72 

petroleum wadi oil 124 

phosphorus 30 

pitch-tar mix 73 

producer gas 81 

propane 81 

propylene 53 

quartzite 189 

red phosphorus 30 

reformed natural gas.... 81 

refractories 188 

silicon 29 

sulphur 29 

true (see Tlriie spedfie 
gravity**) 

tridymite 189 

wash oil 124 

white phosphorus «••••••,..*•• 20 

ydlow phiM^orus 30 

Qpedfle heat 

definition 17,14,54 

54 


mean Si 

variations in 54 

wrought iron 54 

Specific resistance 

electrical 40 

Spectrographic analysis 

open-hearth control by 324 

scrap 205, 351 

Spectroscope 

end point determination by.... 278 
Specular hematite 

iron ore 139 

Speed control 

rolling-mill drives 442, 450-452 

Spellerizing 

skelp 726 

Spelter 

aluminum in 663, 664, 666 

antimony in 666 

cadmium in 666 

compositions of 1.... 666 

impurities in 664, 666 

lead in 666 

tin in 666 

Spelter pan 

wire-i^vanizing 708 

Sperry rail tester 

prindple of 927 

Spessartite 

manganous oxide-alumina- 

silica system component 196 

Spheroconical diamond penetrator 

Rockwell hardness test 898, 899 

Spheroidal graphite iron (see 
“Nodular iron castings’*) 
Spheroidite 

definition 789 

Spheroldizatlon 

bars 561 

heat-resisting steels 875 

Spheroidize annealing 

procedure for 814 

Spheroidlzed cementite 

development of 789 

Spiegel 

add-Bessemer process use of . . . 267 

composition ranges 203, 221 

crucible process use of 263 

cupola melting of 274 

Spiegdeisen (see “Spiegd”) 

Spindle carriers 

rolling-mill 424 

Spindles 

rolling-mill 424, 431 

Spinning 

hot 889 

seamless-tube end closure by. . 770 
Spladi jacket 

blast furnace 228 

Splasher 

blast-furnace 247 

Splice bars (see “Joint bars**) 

Splint coal 

characteristics of 63 

Split-flame firing 
continuous-type reheating 

furnaces 407 

Split wipes 

wire-galvanizing process 709 

Spoke wire 

characteristics of 714 

Sponge iron 

carbon absorption by« 2-3 

granular form 106 

manufacture of 206 

nature of 2 

uses for 206 

Qpot tests 

■crap ««,,,10S^2St 
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^Ut CTMOM 

op«n*he&r& 292 

Spray oiling 

elactrolytic tin plate., 650 

Spray-Quenched deep-well casing 

manufacture of 748 

Spray-type absorbers 

axnmoxiia recovery In 118 

Spray-type saturators (see 
“Spray-type absorbers”) 

Spraying 

metals (see “Metal spraying”) 

organic coatings 629 

Spread 

roll-pass design related to 433 

roUi^ phenomenon 388 

Sbring 

rolling-mill 428, 506 

Spring plate 

cementation process for ZoZ 

Spring steel 836 

Springback 

hi|^-strength steels 843 

Springer 

tar acids 134 

Springing 

detoition 122 

phenol 134 

pyridine sulphate with 

ammonia 134 

tar acids 134 

Springing towers 

tar-acid recovery 134 

Springs 

flat wire for 717 

wire (see “Wire springs**) 

Sprue stick 371 

Square bars 

roll passes for 548, 550 

rolling of .540-550 

Square-edge flat bars 

roll passes for 548, 549 

Square passes 

bar-mill .546-550 

Squaring shears 

galvanizing line 869 

sheet-mill 596 

Squeezers 

Burden S? 

slab 515, 587, 591 

Squirrel-cage motors 

rolling-mill drives 446 

Stabilization 

dicalcium silicate oec 

stainless steels 863, 865, 866 

Stack 

blast-furnace 223, 225 

Stack effect 

furnace deidgn contributes 

to 37, 4U 

Stacklxig 

plates 513, 515, 516, 520 

Stacks 

air-f umace 

UoBt'fumaoe stove* ^ 

hot-dip tfpoioit • • • -634, 635 

....S»T. m 306 

Stainless steds (see also %eat- 
tesisting steels”) 

age-harfenlng type - • ^ 

a ging erf 334f 868 

annealing temperatures ^ 

awUcati^s 868 

atmospheric corrosion o^** J^* 2? 

bars rolled from 880, W 

billets rolled from... 860, M 

blooms rolled from S 

ffiybidirT in 863, 365, 866 


carburization at elevated 

temperatures 866 

cladding carbon steel with 623 

cold-rolled strip 715 

cold rolling .of 862, 863 

cold working of... 859, 860, 862, 863 
columbium for carbide 

stabilization 863, 865, 866 

compositions of 855 

constitution 854-858 

continuous annealing 862, 863 

continuous pickling 862 

cooling after rolUi^.. 861 

corrosion of 863, 865-868 

corrosion resistance . . .863, 865, 866 

creep strength of 868 

density of 929 

descaling in molten- 

salt baths 860, 861, 862 

elevated-temperature corrosion 

of 866 

elevated-temperature 

properties of 868, 920-922 

embrittlement 864 

ferritic 859, 860 

flnishmg operations on. 862, 883 

forging temperatures for... 859, 860 

grain-size control 864 

hardenability 363 

heat-resisting (see **Heat- 
resisting steels*') 

heat treatment of 861, 862, 863, 

864, 865 

heating for working............ 859 

historical development 354 

hot rolling of 859, 860, 861 

hot working 859, 860, 861 

intergranular corrosion of. • * . . • 866 

iron-chromium phase 

diagram .....854, 856 

low-carbon tirpes 355, 866 

low-temperature mechanical 

properties 868 

manufacturing steps for 

principal products 861 

martensitic 859, 860 

mechanical properties. .863, 867, 868 

melting practice 859 

modulus of elasticity.. 880 

notch sensitivity 868 

oxide Aims on,. 865 

passivation 865 

plckUng of 553, 860, 861, W2 

pitting corrosion ..866 

plates rolled from. 860, 861 

quenching .ri:'*™ 25 ? 

rolling of 859» 860, 861 

sequence of operationi in 
manufacturing mill products* 861 
sheet-rolling operations ..,.861-863 

sigma phase in • • 

slabs rolled from. 860, 861 

stabilizing 865, ^ 

Stainless W w® 

Bteelmaking 252 

stress relieving 

strip-rolling operations .....861-863 
sulphur contamination during 

heating 859, 860, 8W 

tempering 252 

tempers produced 863 

thermal conductivity 879, 880 

thermal expansion .879, 880 

titanium for carbide 

stabilization 863, 86^ 866 

uses for ™ 

welding 

wires made from.* ^ 

work hardening of ee...8»il, ww 


Stainless W 

characteristics of 868 

Stamping 

wheels 575 

Stamping devices 

primary-mill 472 

Stand 

bell-type fiumace 416 

Standard Cokes 

coating weight of 635, 636 

definition 530 

Standard ferromanganese 

composition 202 

Standard heat of reaction 

definition ..... 20 

Standard conditions 

gases, definition 17 

Standard length rails 527 

Standard pipe 

uses for 785 

Standard rails (see “Bails”) 

Standard tubing 

API. standard tubing 782 

Standard weight pipe 726 

Standoff 

thread-gage 780 

Standpipes 

coke oven 105 

Stands 

primary-mill 476 

Star inserts 

checkerwork 233, 234, 235 

Star metal 1 

Star time 15 

Starting rod 

scarflng-torch 498 

Stassano furnace 

indirect-arc ty^e 335 

States of matter 

changes of 16 

definition 18 

Static castings 

steel 373 

Static electricity 

definition 39 

nature of 38 

Stationary grinders 
semifinished steel conditioned 

on 498 

Stationary pickling 

bars 553 

Stationary spray tower 
blast-fumace-gas cleaning .... 235 
Staves 

blast-furnace *26 

Steadite 

composition «80 

Steam 

addition to cold blast Zjj 

ammonia still heating by 117 

atomizing agent for liquid 

fuels 74 

betch-etUl heating with IW 

bluing steel with 

boiler efficiency 85 

conservation by insulation.,..* 88 
consumption by blast-fumaee 

blowers 

coolant in add-Bessemer 

process 5*5 

gas-producer consumption 

of 

generation (aee "Steam 
generation”) 
pickling-tank heeting 

with 

pressures emplosred 89 

quenching affect by 

formation of SS 

rates of steds in 878 
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Steam (cent) 

Thomas proceas tile of 28S 

turbines driven by (see^'Steam 
turbines**) 

vacuum in can headspace 

produced by 651 

water-gas made from 77 

Steam-blued sheets 625 

Steam bluing 

steel surfaces 625 

Steam boilers (see **Boilers”) 
Steam-distillation process 

light-oil recovery 125 

Steam engines 

rolling-mill drives 411 

Steam generation 

fuel economy 65 

heat utilization in 65 

pulverized coal for 66 

solid fuels for 66 


critical tcmperahires 

for 761; 768, 794 

erucible (see **Crucible 
process**) 

crystalline nature of 865 

Damascus 261 

decarburization during 

reheating 411 

deep-drawing 625 

deformation of 385 

deformation resistance 444 

density of 629 

deoxidation of (see 
**Deoxidation**) 

deoxidized Bessemer 740 

directional properties ......867, 390 

double shear 262 

elasticity of 385 

electric-furnace (see 
**£lectric-fumace steels**) 


making (see **Steelinaking**) 
mechanical properties ..... .616, 619 

mechanical treatment 386 

metallographio constituent8.766-792 
nickel^plaM, emissivity 

fhetor S9 

nitriding of 615 

nonmetallic inclushms in 329 

normalizing of (see 
**Normalizing**) 
open-hearth (see **Open- 
hearth steel**) 

oxide coatings for 625 

overheated 396 

passivity of 615 

pearlite in 7W 

phase changes in 792-764 

pickling (see ^Tickling**) 
plain carbon (see **Carbon 
steels**) 


Steam hammers 


emissivity factors 

.... 59 

plastic deformation of 

385 

axle-forging 

STS 

eutectold 

.... 793 

plastidty of 


double-acting 

387 

eutectoid carbon content.. 

.... 794 

pneumatic prx>ce88e8 for 


single-acting 

887 

eutectold structure 

.... 790 

making 

266 

Steam-jet blowers 


eutectoid temperatures ... 

.... 793 

power consumption per ton of 

gas producer 

77 

extra-deep-drawing type . 

.... 586 

ingots produced 


Steam lines 


extrusion of 388, 390, 770-778 

press forging 

..387, 388 

insulation of 

88 

ferrite In 

.... 788 

process annealing of 

561 

Steam run 


fiber 

.... 887 

production, annual 

269 

water-gas production 

77 

finishing temperature 

.... 887 

proeutectoid constituents . 

790 

Steam turbines 


flat-rolled (see ’’Flat-rolled 


protective coatings for 

..620-629 

blower drives, blast furnaces.. 

83 

sted products”) 


quenching of 

..561, 562 

dectrlc-power generators 


forging 

.387, 388 

rail-steel 


driven by 

441 

full azmealing of 

.... 560 

recarburizing 

312 

Sted 


furnaces for making (see 


recovery aft^ strain 


add-Bessemer process for 


”Stedinaklng furnaces'*) 


hardening 


making 

268 

galvanized sheet and 


recrystallization of 


addition agents for 


strip bases 662, €66, 667 

rephosphorized 

818 

making 396, 

397 

gases in 

.393, 394 

r^dual dements in 

324 

aging in 

822 

grain growth In 

.... 386 

resulphurized 


allotroplc transformation 

386 

graphite In 

.... 791 

rimmed (see ’’Rimmed steel”) 

alloy (see ’’Alloy sted”) 


hammering 

.... 387 

rivet steel 

819 

aluminum capping of 

586 

heat absorption by 

.... 400 

sand blasting of 

621 

aluminum-dad 

628 

heat- and corrosion- 


scaling of 406, 408, 411, 414 

ancient processes for making. . . 

261 

resistant castings of 

.374-377 

scarfing of 


annealing (see ’’Annealing”) 


heat-resisting (see 


seamless-tube 

..739, 740 


antiquity of 1-2 

austenite in 769 

axle 578 

banding in 387 

Bessemer steel (see “Acid- 
Bessemer steel’*) 

blackening processes for 625 

blister (see ’’Cementation 
process”) 

bluing processes for 625 

brown color produced on. . .625, 628 

burned 494 

capped (see ’’Capped steel”) 
carbon (see ’’Carbon steels”) 

carburizing of 814, 815 

east (see ’’Steel cestings”) 
cement (see ”Cementatioin 
process**) 

oementite In 788 

dadding 623 

cleaning of (see ’’Abrasive 
cleanhig,** also ”X3ectrb!yti€ 
cleaning,” also ”Pickling”) 

cold extrusion of 390 

cold working of (see ”001x1 
working”) 

coloring processes for .685, 686 

constitution of 788 

controlled cooling of (see 
^ntrolled cooUng”) 
converted (see ’Cementation 
process**) 

oopper-dad 623 

eonosloii of Csae ”CoRoalon**) 


’’Heat-resisting steels”) 
heat treatment of (see ’’Heat 
treatment”) 

heat-treating furnaces for 
(see ’’Heat-treating furnaces”) 

heating for hot working 399-411 

heating for rolling 399-411 

heating furnaces for (see 
”Heating furnaces,” also 
’’Reheating furnaces,” also 
”Soaking pits”) 

heating rates for. 400 

high-strength low-alloy ....841-847 

hot extrusion of .398, 770-778 

hot scarfing of 498 

hot working of 386 

hydrogen In 501 

hypereutectoid 794 

hypoeutectoid 793 

inclusions in 329 

Ingots of 891 

ingot-structure control ....896, 897 

Iron carbide in 788 

Iron-carbon equilibrium 

xliagFam for 791, 792 

iron-iron carbide equilibrium 

diagram for .......791, 792 

Isothermal annealing of 560 

killed (see ”Killed sted”) 

killed Bessemer 740 

tong-teme base meftal*. 655 

magnet sted 635 

magnetic prxqportleB lost on 
heating 794 


semifinished (see ’’Semifinished 
steel”) 

•emikilled (see ’’Semikilled 
sted”) 

diot blasting of 621 

side-blown converters for 

making 284 

single shear 262 

Spheroidization of 561 

stainless (see ’’Stainless steels”) 

stainless-sted clad 623 

structural 619 

suberitioal annealing of 561 

suzface side-blown add process 

for making 284 

sweating during heating 400 

tempering of 582 

thermal sensitivity of 501 

Thomas process for making. ... 281 
tin coati^ on (see plate”) 

tin-plate base 682, 644, 645, 

646, 652 

tinned, emissivity factor 59 

tool (see ”Tool sted”) 
txm^blown oxygen steelinaking 

process for 28^ 286 

top killing of 586 

transformation of 793-794 

vitreous enameling xif.*... 627 

wheel 868 

wild 367 

wlie-making 676 

woots .. 361 

wrougnf 365 
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StMl-lwM rolls 
alloying daments added 

to 436, 137 

applicationt of 434 

baking molds for 435 

bottom pouring of 435 

carbon-content range 438 

chills for 435 

compositions 436, 437 

drying molds for 435 

feeing of castings 434 

gating molds for 435 

heat treatment 436 

melting furnaces for production 

of 434 

molds for 434 

disking out 4% 

sink-head for casting 434 

solidification after casting 434 

structure controlled by 

chills 436 

sweeps for molding 435 

turning passes in 437 

Steel castings 

abrasive cleaning 373, 376 

acid electric-arc furnace 

steelmaldng for 355 

alloy steel compositions for 368 

alloyed (see ^*^oy cast steels*’) 

aUoyiz^ elements used in 366 

annealing 374 

blast cleaning 373 

carbon steel comiiositions 

for 368 

casting of 373 

centrifugal castings 373 

chipping 373 

cleaning 373 

compositions of steels for. . .366, 368 

cored molds for 371 

crucible steel for 264 

dead melt process for making 

steel for 367 

defects arising from improper 

gating 372 

deoxidation of steel for 367 

design considerations 366, 367 

double normalizing 374 

double slag process for making 

steel for 367 

draft for molds 367 

dry sand 371 

drying molds for 371 

electric melting furnaces for 

production of 337 

feeding 371, 372, 373, 434 

finishing operations on 373, 376 

flame hardening 374 

flasks for molding 370 

furnaces for melting steel 

for 366 

gamma ray inspection of... 373, 377 

gate removal from 373, 376 

gating 371, 372, 373 

green sand 871 

heat- and corrorion- 

reslsting types 374-377 

heat treatment of 373, 374, 376 

holW 871 

hot tears in 371 

inspection of 373, 377 

lost wax method for making 

precise 370, 377 

machine molding for 371 

meebanical properties 369 

melting furziaoas for making. . . 866 

mold drying 371 

molds lor^ 367-373, 434 

normalize and draw treatment 
ior W 


normalizing J74 

padding !!!;!;; 367 

patterns for 

precision 370^ 377 

production, annual 269 

quenching 374 

raw materials required for 

making 386, 367 

riser removal 373, 373 

risers for 370, 871, 372, 873 

sand blasting of 373 

shaking out 373 

shot blasting of 373 

shrinkage 337 

single slag process for majiing 

steel for 337 

solidification of 434 

static castings 373 

steel compositions for 368 

steelmaking methods used 

in foundries 366, 367 

temperature of steel for........ 356 

tempering 374 

test coupons 376 

test lugs 376 

tumbling barrel for cleaning. .. 373 

ultrasonic testing of 373, 377 

welding to repair defects... 373, 376 

X-ray inspection of 378, 877 

Steel ladles 

acid-Bessemer plant 270, 276 

drying 843 

electric-furnace practice 343 

gooseneck of rigging.... 816 

lining life of 276, 815 

maintenance 276 

mica schist for lining 180 

nozzles for (see ^'Nozzles”) 

open-hearth plant 291, 315 

pocket block for 316 

rigging for 276, 316 

sandstone for lining 180 

skull in 315 

stopper-head pin 816 

stopper heads 816 

stopper rod 316 

stopper-rod assembly 816 

stopper-rod sleeves 316 

well block 816 

Steel scrap (sec ‘‘Scrap”) 

Steel pouring 

basket pouring 317 

bottom pouring 317 

control of 316 

fountain for bottom pouring... 317 

pouring baskets for 817 

pouring boxes for 817 

pouring rate 317 

rate of rise during 816 

tundish pouring 317 

Steel raiU (see “Rails”) 

Steel rolls 

structural mills 582 

Steel sheets (see “Sheets”) 


Steel tubular products (see 
•Tlpe.” also “Tubes,” also 
“Tubular products”) 

Steel W.O. (see “Steel Wire 
Gage”) 

Steel wheels (see “Wheels”) 

Steel wire (see “Wire”) 

Steel Wire Gage 

origin of 932 

tabulation 930-931 

Steel wire produ^ (see “Wire 
products”) 

Stedmaking 

acid-Bessemer prooem (see 
“Acid-Betsemer process”) 


acid electric-arc furnace 

process for 355-356 

acid pneumatic processes 266 

arJdition agents for 202 

undent methods 2 

atmosphere melting 357 

basic electric-arc furnace 

process for 350-355 

basic pneumatic processes 266 

Bertrand-Thiel process 286 

Bessemer process 268 

bottom-blown acid process. .... 268 
bottom-blown converters for. . . 266 

Campbell process 2^ 

capped eteds 296 

cementation process 262 

chemical elements common in. . 28 

converters for 266 

crucible process 262 

direct-reduction processes 206 

duplex processes for 359-364 

electric furnaces for 334-358 

flowsheet 5 

fluxes for 172 

furnaces for (see “Steelmaking 
furnaces”) 

heat-resistant steels 873, 875 

induction electric-furnace 

processes 356-357 

induction furnaces for (see 
“Induction furnaces”) 

melting in vacuum 357 

melting under controlled 

atmospheres 357 

Monell process 288 

open-hearth 287-333 

oxygen-blown processes ....... 285 

plg-and ore process 287 

pneumatic processes for 266 

power consumption in 443 

principles of 4-5, 266 

processes for 261-265 

rimmed steels 396 

scrap for (see “Scrap”) 

seamless-tube steels 740 

side-blown converters lor 266 

dags from (see “Slags”) 

stainless steels 859 

steel scrap for (see “Scrap”) 
sulphur content allowable in 

pig iron for 252 

Tdbot process 288 

top-blown converters for 266 

triplex processes for 364 

vacuum melting 357 

Steelmaking furnaces (see 


“Acid electric-arc furnaces,” 
also “Basic electric-arc 
furnaces,” also “Crucible 
furnaces,” also “Induction 


hearth furnaces”) 

Steeple 

detrition 493 

Stefan-Boltzmann Law 89 

Stefan’s Law 36 

Stem 

hot-extrusion process . .774-776, 777 

wire 686 

wire-rod 688 

Stem anchors 

steel foundry use of 870 

Stem pay-off 

wire-mill 694 

Step-cone-type fine-wire machines 

principle of 693 

Step gates 

foundry mold 372 

Step heating 

ingots 406 
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Stevens rails 524 

Stick sulphur 

addition agent 203 

Sticker*opener swords 

pack-opening tools 595 

Stickers 

coke oven 300 

Stiefel disc piercer 
seamless-tube manufacture. 424, 739 
Stiil-mud process 

refractory shaping 183 

StUls 

ammonia 117 


batch (see **Batch stills’*) 
continuous (see ^’Continuous 
stills”) 

neutralizing stUls for pyridine 


base recovery 


Stilpnomelane 


iron mineral 

141 

Stirring 


induction 

340, 353 

Stitchers 


pickling-line 

599 

Stl. W.G. (see “Steel Wire Gage”) 

Stock indicator 


blast-furnace 

232 

Stock yard 


Open-hearth plant .... 


Stockhouse 


blast ftimace 

243 

Stocking 


raw materials, electric furnace 

. plant 

350 

Stockline 


blast-furnace 

228 

Stockline indicator 


blast-furnace 


Stokers 


chain-grata 

69 

coal firing 


overfired 

69 

retort 

69 

traveling-grate 


underfired 

69 

Stokes’ Law 


expression for 

329 

Stone from heaven 


Stools 


ingot-mold 

.276, 891, 392 

Stopes 


iron-ore mining 

167 

Stoping 


iron-ore mining 

170 

Stopper 


ladle 

278 

Stopper carrier 


steel-ladle rigging . . . 

316 

Stopper heads 


service reqtilrements 

200 

steel-ladle 

316 

Stopper-head pin 


steel ladle 

816 

Stopper rod 


ste^ ladle 


Stopper-rod assembly 


steel ladles 


Stopper-rod sleeves 


pyrometric cone equivalent.... 186 

service requirements < 


steel-ladle 

316 

Stopper rods 


ladle 



Stoves 

blast-furnace (s^ **BlaSt* 
furnace stoves”) 

Straddle carriers 
aemifinlidied stedL hanctttng 

fey 


Straight beam passes 

rolUng-mill rolls • • . 432 

Straight-flanged rolling method 

structural-mill 535 

Straight-length hoop 

bar-mill product 558 

Straightening 

axles 580 

bars 552 

joint bars 531 

pipe 730, 778 

plates 521-522 

raUs 628 

structural and other 

shapes 533, 538 

tubing 763 

wire 700 

Straightening rolls 

butt-welded-pipe mills 730 

Strain 

definition 17, 887 

grain growth in heat treatment 

related to 704 

true 893, 894 

Strain aging 

carbon steels 822 

effects of 924-925 

heat-resisting steels 875 

mechanism of 915 

transition temperature 

related to 024-925 

Strain-aging sensitivity testing 

principles of 924-925 

Strain gages 

wire-resistance .883, 885 

Strain hardening 

effects of 385 

recovery after 386 

recrystallization by heating 

steid after 386 

Strain rate 

elevated-temperature proper- 
ties influenced by 920-922 

Strain-sensitivity testing 

principles of 924-925 

Strainer gates 

foundry mold 372 

Strand stands 

bar mills 542 

Stranding 

wire rope 720 

Strands 

bridge 723 

wire-rope 720 

Stratigraphic traps 71 

Stray currents 

corrosion cavised by 616 

Strength 


cold (see ’’Cold strength”) 
tensile (see ’’Tensile strength”) 


Strength properties 

deflation 881 

Stress 

balanced biaxial tension 892 

balanced triaxial tension 892 

corrosion related to 617 

definition 17, 887 

magnetic properties affected 

by 850 

principal 892 

relief of (see ’’Stress 
reUeving”) 

simple compression 892 

kbnple states of 892 

simple temdon 892 

thermal stress in quenching.^ . . 811 
thermal stress in tempering.811, 812 

torsion 892 

transformation related to 8U 

true ..883»894 


twisting 882 

Stress corrosion 

factors rdated to 617 

Stress-corrosion craddng 

factors related to 617 

Stress relieving 

atainless steids 863 

tempering for 811 

Stress-rupture test 

principles of * 919 

Stress-strain curves 

aging affects shape of 823 

true 898, 894 

typical 889, 890, 891 

Stretch mill (see ’’Stretch- 
reducing mill”) 

Stretch-reducing mill 
continuous seamless process. ... 751 

principle of 729 

Stretcher strains 

aging related to 823, 825 

yield-point phenomenon 889 

Striking off 

molds 371 

Strip 

acid-Bessemer steel for 585 

basic open-hearth steel for 585 

capped steels for 585 

cold-rolled (see ”Cold-rolled 
strip”) 

galvanizing (see “Continuous 
galvanizing”) 

hot-rolled (see “Hot-rolled 
strip”) 

killed steels for S85 

pickling 596-601 

residual elements in steels 

for 585 

rimmed steels for 585 

semiklUed steel for 585 

fitting 734 

stainless-steel, rolling 861, 863 

steels for 585 

Strip mining 

coal 65 

Stripper 

continuous seamless mill 751 

ingot 276, 295, 296 

Stripper building 

open-hearth plant 294 

Stripper column 

light-oil refining 129 

Stripping 

coal (see “Strip mining, coal”) 

crucible-steel ingots 264 

ingots 404 

open-pit iron-ore mining 158 

Strontium 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Stnictural grain size 

definition 704 

Structural mills 

alloy-steel rolls for 532 

arrangement of stands 533 

breakdown stand 532 

butterfly rolling method 535 

cold saws for .1^, 539 


continuous furnaces for 532 


cooling beds for .1818, 538 

diagonal rolling method for. ... 535 

drives for 455. SSL 533 

finishing equipment 533, 538 

finishing stand for 532, 533 

gag presses 933, 538 

grain-lrott roUs for 532 

heating furnaces for.. .1^ 533 


501 
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Structural mUla Ceont.) 

hot saws for 533, 538 

inspection procedures 539 

intermediate stand for 532, 533 

reversing breakdown stand.... 532 

roU passes for 533-538 

roller tables 533 

rolling procedures 533, 535 

rolls for 438, 439, 532 

roughing stands for 532, 533 

sand-iron rolls for 532 

saws fcHT 533, 538, 539 

idiears for 533, 539 

stand arrangement 532, 533 

steel rolls for 532 

straight-flanged rolling method 

• for 535 

strai^tening facilities 533, 538 

testing procedures 539 

three-high mill for 532 

two-high mills for 532, 533 

Structural sections 

fini^ing operations 538-539 

inspection of 539 

rolling of 532-538 

Structural shapes 

directional properties of 821 

finishing operations 538-539 

inspection of 539 

rolling of 463, 532-538 

Structural spalling 

refractories 191 

Structural steel 
mechanical property 

specifications 819 

Struts 

open hearth 298 

Stubs* Gages 

historical 928 

Stubs* Iron Wire Gage 

tabulation 930-931 

Stuckofen 

wrought-iron production in 208 

Studs 

open-hearth doors 301 

Stump air-flow cleaner 

coal preparation 68 

St 3 nrcne 

light-oil constituent 123 

Subbitumlnous coal 

characteristics of 62 

composition 62 

fixed-carbon range of 64 

heating value 64 

origin 62 

seams of, characteristics 63 

volatile matter in 64 

Subcritical annealing 

bars 561 

Sub-level caving 

iron-ore minirig 165 

Sub-level stoping 

iron-ore mining 167 

Sublimation 

definition 16 

Submerged-arc welding 

pipe 738 

Submerged gas burners 
heating pickling tanks with. ... 554 
Substances 

chemical, definition 6 

definition 6 

chemical 20 

Substitutiomd atoms 15 

Suction mains 

coke oven 106, 115 

SuU coating 

wire rods for drawing 684 

Sulphate twitbs 

^ectrolytie tinning In 637 


INDEX 


Sulphate radical 

composition 22 

Sulphide discoloration 

tin plate 649, 650 

Sulphur 

acid-Bessemer process 

behavior of 267, 278 

addition to steel 203 

atomic number 8 

atomic weight 8 

basic electric-arc furnace 
process reactions involving. . . 353 
basic electric-furnace slag 

component 355 

blast-furnace 

behavior of 252, 254, 256, 278 

blast-furnace control of 278 

blast-furnace slag 

constituent 144, 252, 254, 

256, 257 

bleeding of iron castings 

attributed to 380 

boiling point 8 

burned -dolomite constituent .. 173 

burned-lime constituent 173 

carbon in pig from influenced 

by 251 

chill of iron castings 

influenced by 380 

chromium reduces corrosion by 

compounds of 878 

coal constituent 79 

coke constituent ...90, 256, 257, 278 
coke-oven gas constituent.... 79, 80 
corrosion phenomena related to 

compounds of 616 

discoloration of tin 
plate by foods con- 
taining 649, 650, 651 

dolomite constituent 173 

duplex-process slag 

constituent 363 

electric melting furnace 

behavior of .338, 339 

fluorspar constituent 173 

grapitization retarded by 380 


iron-ore constituent ...140, 143, 144, 


151, 257 

light-oil constituent ...122, 123, 127 
128, 129 

limestone constituent 173, 257 

manganese for decreasing 

effects of 252 

melting point 8 

natural-gas component 75 

nonmetallic inclusions arising 

from 329 

occurrence of 29 

open-hearth behavior 


open-hearth slag compositions 

favoring removal 327 

open-hearth slag 


pig iron con- 


proporties of 29 

reducing slags for removal 

of * 22® 

removal in electric furnace.... 353 

segregation in ingots 895 

idirinkage of iron castings 

dependent on 280 

sources for addition to steel... 203 
stainless-steel pickup of 


sym^l 8 

^omas-process atlmlnation 

of 278, 282, 282 

wrou|^t-iron constituent 228 


Sulphur trioxide (see 
“Sulphuric anhydride**) 

Sulphuric acid 
ammonium sulphate by 
reaction with ammonia. . . .117-120 

ohemical formula 29 

light-oii fractions washed 

127 

phenol springing with 134 

pickling in solutions of 597, 601 

pickling-lino consumption of... 599 
pyridine-sulphate recovery 

with 133 

sources of 29 

tar bases recovered with 119 

Sulphuric anhydride 

coke constituent 256 

iron-ore constituent 256 

limestone constituent 256 

Sunken seam 

butt-welded pipe 727 

Super duty fireclay brick 

apparent porosity 188 

blast-furnace applications 199 

blast-furnace stove 

applications 233 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation under load 188 

density 188 

heating-furnace applications .. 401 

hot-load resistance 188 

hot-metal mixer applications.. 200 

modulus of rupture 188 

pyrometric cone equivalent 186 

spalling resistance 188 

specific gravity 188 

true specific gravity 188 

Super duty silica brick 

apparent porosity 188 

bulk density 188 

chemical composition 182 

cold strength 188 

deformation under load 188 

density 188 

heating-furnace refractory .... 201 

hot-load resistance 188 

modulus of rupture 188 

open-hearth refractory 200 

specific gravity 188 

spalling resistance 188 

soaking-pit refractory 201 

true specific gravity 188 

Superficial hardness tests 

Rockwell 900 

Surface conversion coatings 

steel treated to produce 625 

Surface defects 

hot-strip-mill products 587 

Ingots 277 

semifinished steel 493-495 

wheels 577 


Surface side-blown iicid process 
steelmaking (see “Side-blown 
process**) 

Sxispension bridges 

cables for 722, 723 

Swaging 

rotary 389 

Beamless tubes fox cylixxders... 770 
Swarf 

bottom-making material 212 

Sweating 

steel during heating 400 

Sweden 

Iron ores *........•.....*...140, 142 

Sweeps 

nuddixig with 435 
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Swells 

headspace related to €51 

tin can 6Sl 

S.W«a (see **Britidh Imperial 
Standard Wire Gage*’) 

Swindell furnace 

direct-arc electric 335 

Swing-frame grinders 
semi&iished steel conditioned 

on 408 

Swing-type roof 

electric-arc furnace 341 

Swirl gates 

foundry mold 372 

Swords 

sticker-opener 595 

Ssrmbols 

chemical dements 8, 8 

tin-plate 631, 932 

Symmetry 

crystal 12 

Symmetry classes 

crystals 12 

Synchronous motors 
biUet-mill motor-generator 

set drives 459 

hot-strip mill applications 456 

motor-generator sets driven 

by 459 

rolling-mill drives 446 

seaaailess tube-mill 

applications 459 

Ssmelinorium 

definition 154 

Synthetic rubber 

benzene in manufacture of 127 

Systems 

crystal 12 

Table xoBers 

blooming-mill 472 

drives for 460 

plate-mill M8 

roUing-miU 428. 460, 472. 508 

Schloemann-type 460 

Tables 

blooming-mill 472 

coal preparation ...67, 68 

hand hot mills 596 

holding 591 

hot-strip mill 587, 591, 593 

lifting 480 


mUl 428, 472, 480, 508, 509, 

510, 512, 513, 514, 515, 
516, 517, 520, 587, 591, 


principle of 490 

rail-mill blooming mill 524 

temper mills 633 

two-high primary mills 467 

Tandem-type fine-wire machines 

principle of 603 

Tank 

ppen-hearth 304 

Tanks 

lime 887 

pickling (see *Tidcling tanks”) 

rinsing 687 

Tantalum 

addition to steel 203 

atomic number 8 

atomic weight 8 

ferrotantalum-eolumbium 

constituent 203 

melting point 8 

stainless-steel constituent 855 

symbol 8 

Tap changers 
riectric-arc furnace 

transformer 346 

Tap hole 

acid open-hearth 300 

basic open-hearth 299 

blast-furnace (see "Iron 
notch”) 

dosing open-hearth tap hole. . . 318 

open-hearth 299, 300, 318 

Tap-hole casting 

open-hearth 800 

Tape size 

wheels 577 

Taper 

ingot 892 

Tapered-bar test 

prindple of ....925 

Tapping 

blast-furnace (see *X!asting,” 
also "Flushing”) 

acid open-hearth 831 

basic electric-arc furnace 354 

open-hearth 314 

pipe couplings 780 

Tapping hole 


blast-furnace (see "Iron notch”) 
open-hearth (see "Thp hole”) 


Tapping spout 

dectric-arc furnaces 340 

open hearth 298, 299, 300 

Tapping temperature 

open hearth 331 

Tar 


593, 596 

mill-approach 472 

plate-miU 508, 509, 510, 512, 

513, 514, 515, 516, 

517, 520 

roDing-miU 428, 472, 480, 508, 

509, 510, 512, 513, 

514, 515, 516, 517, 
520, 533, 587, 591, 


593, 596 

structural-mill 533 

Taconites 

definition 143 

geologic age of 142 

Mesabi range 156 

processing of 164 

Utilization of 259 

Talbot process 

opmi-hearth 288 

Tandem mills 

arrangements for blooming. .472-476 

bar-mill applications 543-54$ 

blooming ...472-476 

plate mills 505 


acenaphthene in 132 

acids (see "Tar adds”) 

acridine in 132 

alpha picoUne in 132 

alpha alpha' lutidine in 132 

alpha gamma lutldine in 132 

anthracene in 133 

anthracene-oil fraction 133 

aromatic hydrocarbons in 131 

bases (see "Tar basei^*) 

benzene in 132 

beta pieoUne la 182 

carbazole in 132 

carbolic oils from 133 

carbonaceous sludge removal 

from 115 

dtaracteriftlcs of 118, 131 

duysene in 132 

coal chemicali Ih 113 

combustion 73 

condensation from fool gas.... 115 

constituantf of 113 

consumption for fud 70 

conUnuouastUlsfor soflnhig... 132 


control of refining.. 233 

creosote oils in 113, 182 

eresols In 132 

crude tar recovery 115 

dimethylpyridine In 132 

distillation of 132 

drain tank, cod-chemical 

recovery 115 

dectried precipitation of 117 

extraction from raw coke-oven 

gas 116 

axtractor for ood-chemied 

recovery 116 

flow diagram for refining 131 

fluoranthene from 1^ 

fluorene in 132 

fractiond distOlation 2^ 

fuel applications 70 

gamma picoline in 132 

ingot-mold coating 296 

intarmadiate-oil fraction 133 

isoqtiinoline in 132 

light-oil fraction 133 

lutidlnes in 132 

methyl iaoquinoline in 132 

methylpyridines in 132 

methyl quinoline in.. 132 

naphthale^ in 113, 132, 133 

naphthols in 132 

neutrd compounds in 132 

nitrogen compounds in 132 

No. 1 carbolic oil from 133 

No. 2 carbolic oil from 133 

oxygenated compounds in 132 

P & A extractor for 117 

parafiins in 132 

Pdouze and Audouin extractor 

for 117 

petroleum product 72 

phenanthrene in 132 

phenol in 132 

phenolic compoiindB in 132 

picolines in 132 

pitch in 113, 132 

pitch mixed with for fud (see 
"Pitch-tar mix”) 

production 70 

pyrene in 132 

pyridine bases in 121, 132, 133 

psrridines in 113, 132 

quinaldine in 132 

quinoline in 132 

recovery of 115 

refining 131 

removal from coke-oven gas. . . 124 
residue from refining as fuel.. 132 
Saybolt Univerasd Viscosity. ... 73 

sources of 70, 113 

tar acids (see **Tar adds”) 

topped 70, 73 

virgin-tar viscosity 73 

viscosity 73 

vdume produced per ton of 

coal c<^ed 113 

xylenes in 132 

xylenols in 133 

Tar acids 

batch carbonating system for 

recovery 134 

batch causticizert for recovery 

of 136 

batch rectifier lor recovery. .... 134 

batch stills for rdhdng 136 

burned lime In recovery of.... 135 
oaloium oxide in recovery of.. 135 
carbolic oils washed for 
recovery 134 


oarbem dioxide for recovery.... M 



Tar acids (eont) 
carbonating towara for 

recovery 134 

oausticirers for recovery of.... 136 
continuous causticizers for 

recovery of 136 

distillation of 136 

fractionation 136 

horizontal pot still for 136 

naphthalene recovery 137 

recovery of 134 

rectification 134 

rectifier for 134 

refining 136 

sodium carbonate for recovery 

of IH 136 

soditim hydroxide In recovery 

of 134, 136 

springing 134 

springing towers for recovery. . 134 

tar constituents — 113, 132, 133, 136 

vertical pot still for 136 

waiher for recovery 134 

Tar bases 

recovery of 119 

Tar extractors 

bells of 117 

coal-chemical recovery ....116, 117 
mechanical-impingement 

type 116, 117 

P 4r A type U7 

Pdouze and Audouin type..*. 117 

pressure in 117 

raw coke-oven gas 116 

Tate-Emery load indicator 

tension-test machine 883 

Taza iron ores 

geologic age of 142 

Technetium 

atomic number 8 

atomic weight 8 

symbol 8 

Tee rails 523, 524 

Tees (see also ^‘Structural 
sections**) 

rolling of 532-538 

Teeming 

acid-Bessemer steel 276 

acid open-hearth steel 331 

hot-topped ingots 354 

ingots 294, 354, 391 

open-hearth steel 294 

Teeming fioor 

acid-Bessemer plant 270 

Telebrineller 

principle of 902 

Telluric iron 1 

Tellurium 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

boiling point 8 

melting point 8 

symbol 8 

Temper 

cement steel 262 

cold-rolled strip 716 

fiat wire 717 

stainless-steel 863 

wire 677 

Temper brittleness 

AISI alloy steels 834 

heat-resisting steels 876 

i|uenching for control of 834 

tempering phenomenon 812 

Temper mills 

operations performed in 633 

reductions in €33 

rolls for 633 


INDEX 


Temper rolling 

power consumption for 443 

tin-plate 

Temperature 

absolute scale 33 

Centigrade scale [ 33 

coarsening temperature 796 

conversion equations 34 

corrosion rates affected by 616 

critical (see '‘Critical tempera- 
tures”) 

definition 33 

degree defined 33 

Fahrenheit scale 34 

finishing (see “Fini^ing 
temperature”) 

flame 53 

fusion (see “Fusion tempera- 
ture”) 

hot-dip tinning process 635 

ignition 56, 53 

Kelvin scale 33 

measurement of 34 

open-hearth tapping 331 

palm-oil for tinning 635 

pickling baths 555, 688 

power for rolling dependent 

on 445 

recrystallization dependent 

upon 386 

rolling influenced by 389 

scaling related to CL4, 5M-597 

softening (see “Softening 
temperature'*) 

teme-pot operating 656 

transformation (see “Critical 
temperatures*') 

Temperature coefficient of 

electrical resistance 41 

Temperature control 
acid-Bessemer process. .275, 276, 278 

acid open-heazih 331 

automatic 87 

basic open-hearth 324 

blast-furnace 247 

coke ovens 94, 106, 112 

heat-treating furnaces .....5^, 564 

hot blast * 2M 

top-blown oxygen steelmaking 

processes 286 

open-hearth 324, 331 

aide-blown process 285 

soaking-pit 398 

Thomas process 282, 283 


Temperature measurement (see 
“Pyrometry,** and “Thermom- 


etry’*) 

Tempered martensite 

properties of 800, 801 

Tempered wire 

characteristics of 714 

Tempering 

AISI alloy steels 831-834 

alloy tool steels 839 

alloying elements influence 

rate of 831-834 

bars 562 

carbide influence on 832-834 

carbon steels 822 

chromium affects rate of — 831, 832 

ductility improved by 811 

furnaces for 416* 417, 566, 567 

high-speed steel 839 

leads baths for 812 

manganese influences rate of. . . 832 

martensite 811 

nickel influences rate of 832 

oil baths for 812 

primitive use of 2 


im 


procedures for 811, 81| 

purpose of gll 

rates influenced by alloying 

elements 831-834 

refractories 183 

salt baths for 812 

seamless tubes 748 

secondary hardening in 832-834 

silicon effect on rate of 831, 832 

stainless steels 863 

steel castings 874 

stresses relieved by 811 

temper brittleness phenom- 
enon 812 

temperature range for 811 

vanadium influences rate of . . . 832 

wheels 577 

wire 701, 706, 707 

Tempering furnaces 

pit-type 416 

types of 8U, 812 

Tempers 

cold-rolled strip 716 

flat wire 717 

stainless steel 863 

wire 677 

Templet filers 

roll-making 431 

Templets 

roll-making 431 

roll passes for rails 5% 

Temporary induced ^ectrostatic 

charges 39 

Temporary magnets 36 

Tennessee 

iron ores 142 

Tensile strength 

defionition 17, 891 

determination of 891 

fatigue strength related to. .... . 912 

hot hardness related to 920 

steels at elevated tempera- 
tures 914 

wire-drawing effect on €95 

Tensile testing (see “Tension 
tost”) 

Tension 

temper-mill utilization 633 

Tension bridles 

electrolytic-tinning line ....... 641 

galvanizing-line 672 

Tension curves 

woven-wire fence 718 


Tension reducing mill (see 
“Stretch-reducing miU”) 

Tension test 

beam-and-poise machine for. . . 882 


calibrating machines for 883 

dead-wei^t testing 882 

ductility properties determined 

by 891 

elakic limit determined hy..«. 888 

elastic range in 888 

electronic load-measuring 

means for 883 

fdongation in 891 

extensometers for 884-887 

gage length for elongation 

measurement 891 

galvanized-sheet base metal 

tested by 672 

high-temperature tests 913 

hydraulic loading systems 882 

iron castings 384 

lapped-ram hydraulic machines 

for ®3 

lever machine for,,... 882 

load-measuring means for 883 

machines used in 882-984 
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Tension test (cent.) 
mechanical loading systems..., 882 
modtilua of elasticity 

determined by 888 

necking^down in 891 

optical extensometers for... 884*885 
packed-ram hydraulic machines 

for 883 

precautions in test-specimen 

preparations 886 

properties determined by . . . .886-892 
proportional limit determined 

by 888 

reduction of area determined 


by 892 

screw-type loading systems.... 882 

significance of 892 

specimens for 886, 892 

speed of testing 887 

steps in 886-887 

strength properties determined 

by 887-891 

wine-resistance strain gages 

used in 883, 885 

yield strength determined 

by 888, 889 

Tephroite 

manganous oxide-alumina- 

silica system component 196 

Terbium 

atomic number 8 

atomic weight 8 

melting point 8 

83^bol 8 

Ternary compounds (sec “Chem- 
ical compoimds, ternary**) 

Terne metal 

composition 655 

Teme plate (see also “Long 
temes**) 

classes of 658, 659 

coating metal for 658 

Teme pot 

rigging for 656 

Test coupons 

376 

heat- and corrosion-resistant 

steel castings 376 

steel castings 376 

Test lugs 

castings 876 

heat- and corrosion-resistant 

steel castings 876 

steel castings 376 

Tested spring 

wire springs 722 

Testing 

axles 582 

bars 557 

etectric^ sheete 851, 852 

galvanized sheets 672 

galvanized wire 710 

long temes 657 

mechanical (see **Mechanical 
testing’*) 

nondestructive ...926-927 

oU-w<dl casing 781 

pipe * .,•••..*780-782 

rails 528 


gtructural-mill products 539 

wire 701,710 

Wire springs 722 

Tetragonal unit cells 12 

Tetramethylthiophene 

li|(ht-oil constituent 123 

ITiallium 

atomic number 8 

atomie weii^t 8 

boiling point S 


melting point 8 

S3mabol 8 

Theissen disintegrator 
blast-furnace gas cleaning 

in 236 

Theoretical cargo 

ore boat 170 

Theoretical flame temperature 

definition 58 

blast-furnace gas 79, 81 

Bunker “C“ fuel oa 73 

butane 81 

carburetted water gas 81 

coke-oven gas 79, 81 

natural gas * 81 

oil gas 81 

pltch-tar mix 73 

producer gas 77, 81 

propane 81 

reformed natural gas 81 

water gas 81 

Thermal capacity 

definition 54 

refractories 190 

Thermal cofficient of linear 
expansion 

definition 18 

Thermal conduction 

mechanism of 35 

Thermal conductivity 

aluminous fireclay brick 190 

chrome brick 190 

coefficient of 35 

definition 18, 35 

fireclay brick 190 

forsterite brick 190 

heat-resisting steels 879, 880 

high-alumina brick 190 

insulating firebrick 190 

magnesite brick 190 

refractories 190 

relation to electrical 

conductivity 35 

silica brick 190 

stainless steels 879, 880 

Thermal conductors 

definition 18 

Thermal difPusivity 

definition 411 

Thermal efficiency 

blast-furnace stoves 235 

heating furnaces 400 

Thermal expansion 


linear (see “Linear expansion”) 
Thermal insulation (see 
“insulation^’) 

Ihermal insulators 
definition 18 


Thermal sensitivity 

definition 501 

Thermal shock 
ingot-heating practices to 


avoid 897, 898 

refractory resistance to 191 

spalling due to 191 

Thermal spalling 

refractories 191 

Thermal stresses 

quenching results in 811 

tempering operations controlled 

to prevent 811, 812 

Thermochemistry 

deflnirion 19 


Thermocouples 
■ of 


.84,87 
.. 18 


Thermometers 

coke-oven application 112 

principles of 34 

Thermometry 34, 87 

Thick-wall blast furnaces 

construction of 227 

Thickeners 

principle of operation 236 

water clarification in coal 

preparation 68 

Thickness gages 

electrolytic-tinning line 644 

tabulation 930-831 

Thimble 

slag (see “Slag thimble”) 
Thin-wall blast furnaces 

construction of 228 

Thiophene 

light-oil constituent 123, 127 

Thiophenol 

light-oil constituent 123 

Ihioxenes 

light-oil constituent 123 

Third helper 

open-hearth 308 

Thomas process 

after blow 282 

air blast pressures used 281 

air requirements 282 

aluminum as deoxidizer 283 

blast compressors 281 

blast pressures used 281 

blast volume 282 

blowing equipment 281 

blowing procedures 282 

blowing time 282 

bottom design for converters... 281 

bottom life of converters 282 

carbon elimination in 282 

chemistry of 282 

composition chaxiges during 

blow 282 

converters for 266, 281 

deoxidation practices 283 

dephosphorization reactions ... 282 
desulphurization of iron for... 282 

double blowing 283 

duration of blow. 282 

end point 292, 283 

heat sources for 282 

historical development 281 

hot-metal desulphurization ... 282 

hot metal for 282 

hot-metal mixers for 281 

killed ste^ 283 

lining life of converters 282 

manganese oxidation in 282 

mixers for 281 

nitrogen content of steel made 

by 281 

nitrogen control 283 

oxidation reactions 282 

oxygen content of steel maae 

by 281 

oxygen-enriched air for 283 

oxygen role in 282 

phosphorus eUmination in.. 281, 282 

pig iron for 221, 281 

pressure of blast used 281 

principal facilities for.... 281 

reactions In 282 

refractories for 881, 282 

refractory consumption 282 

scrap as coolant 282, 283 

sequence of operations 282 

side blowing 283 

silicon limitations In 282 

slag 


definition 


.2811283 
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Thomas process (cont.) 
soil conditioners from slags 


of 177 

steam as coolant 283 

steel characteristics 268 

steels produced by 281 

sulphur behavior in 278 

sulphur removal in 281, 282 

temperature control 283 

thermal requirements 282 

vessels for 281 

Thomas-Gilchrist process (see 
^*Thomas process’*) 

Thorium 

atomic number 8 

^atomic weight 8 

melting point 8 

symbol 8 

Threaded-jflange joints 

pipe 78S 

Threading 

chasers for 778-780 

chip space for 779 

clearance for 779 

dies for 778-780 

heel clearance for 779 

lead of chasers for 779 

lip on chasers for 779 

lubricants for 780 

ntimber of chasers for dies 780 

pipe 778-780 

skelp-heating furnaces 732 

throat of cheers for 779 

Threads 

pipe (see ‘Tipe threads’*) 

3A Charcoal tin plate 

coating weight of 636 

Three-draft wire 

dry drawing of 698 

Three-high mills 

bar-mill application of 540-542 

Three-high mills 

bUlet mUls 480 

blooming mills 468 

chock arrangement in 427 

^ives for 455 

hand hot mills. 594-596 

housings for 481 

lifting tables for 480 

manipulators for 480 

plate mills 505, 507 

primary mills 468 

principle of 420 

rail-mill 523. 524 

repeaters for 543 

rod miUs 675 

roll-adjusting means 491 

rolls for 480, 481 

sheet rolling in 594 

structural-mill 532 

tilting tables for 508 

wire-rod rolling 675 

Three-pass stoves 

blast-furnace 233 

Three Peaks deposits 

iron ore 149 

Throat 

chaser 779 

Thtilium 

atomic number 8 

atomic weight 8 

symbol 8 

Thuringite 

iron mineral 141 

Tie rods 

open-hearth 298 

rolling-mill 427 

TOt hammer 

principle of 287 


INDEX 


Tilting mechanism 

electric-arc furnace 340 

Tilting open-hearth furnaces 

types of 

Tilting tables (see also ’Tifting 
tables”) 

three-high plate mill 508 

Time 

mean solar 15 

star 15 

units of IB 

Time-temperature curves 
phase-diagram determination 

by 24 

Tin 

atomic number 8 

atomic wei^t 8 

babbitt constituent 426 

bismuth removal from 631 

blast-furnace behavior of 253 

boiling for ptirlfication 631 

boiling point 8 

bronze constituent 426 

coatings on steel (see “Tin 
plate”) 

crushing ores of 631 

crystal structure 14 

electroplating baths for 624 

ferrite former 794 

geology of ores 631 

intermetallic compounds wi^ 

iron 646. 647 

iron-ore constituent 144 

leaching ores of 631 

lead removal from 631 

melting point 8 

mining of ores 631 

occurrence of 631 

open-hearth b^avior of 322 

ore 631 

pick-up by canned foods 653 

properties of 632 

refining 631 

residu^ element in carbon 

steel 825 

scrap constituent 205 

silver (see “Silver tin”) 

smelting 631 

spelter constituent 666 

symbol 8 

tossing for purification 631 

uses for 632 

washing ores of 631 

white-metal constituent 426 

wire coated with... 711 


Tin cans 

canning procedures effect shelf 

life of 

corrosion of 

discoloration of Interior 

by foods 650, 

etching of interiors.... 

headspace in filled 

hydrogen-producing corrosion 

by contents 

hydrogen springers 

interior discoloration by 

foods 650, 

iron pick-up by foods in 

lacquered 

overfilled 

sealing * 

slack-filled 

storage conditions affect 

life 

swells * 

temperature of storage affects 
corrosion rate of filled...... « 


651 

651 

651 

651 

651 

651 

651 

651 

653 

653 

651 

651 

651 

651 

651 

651 


tin pick-up by foods in 683 

vacuum in sealed 851 

Tin dross 

formation of fti7 

Tin house 

layout for 834 

Tin-iron alloy 

tin-plate 644, 645,646 

Tm-iron system 

phase diagram 845 

Tin-mill products 


nomenclature 830 

Tin-oxide layer 

tin-plate 844 fiio 

Tin plate 

acid-Bessemer steel for.... 585, 632 

alloy layer on 641. 645, 646 

annealing black plate for 633 

assorting 836 

atmospheric corrosion 650, 651 

baking discoloration 649, 650 

base box defined 831 

base weight 831 

basic open-hearth steel 

585, 632 

Bessemer steel for 585, 632 

Best Cokes 630. 635. 636 

black-plate rolling ....594, 63^ €33 
box annealing black plate for.. 633 

branners for 850 

cans (see “Tin cans”) 

capped steels for 585, 632 

cathodic treatment 650 

cathodic-anodic treatment 650 

charcoal tin plate 630, 635, ^6 

diemlcal treatment of 650 

cleaning black plate for 633 

coating thickness related to 

corrosion resistance 653 

coating weights, of 630, 635, 636 

coke tin plate 630 

Common Cokes 630, 635, 636 

continuous annealing of blac^ 

plate for 633 

controlled atmospheres for heat 

treatment of black plate 633 

corrosion of 618, 650-653 

corrosion resistance . . . .646, 650-653 

differentially coated 630 

discoloration of 649, 6^, 651 

electrochemical treatment 650 

electrolytic (sm “Electrolytic 
tin plate”) 

etching by foods 651 

flux pattern on steel 

base 646, 647 

4A Charcoal pUte 635, 638 

5A Charcoal plate 635, 636 

gages for 928, 930-931 

hand hot mills for rolling 

black plate for 994 

heat treatment of black plate 


for 633 

heavy-gage 636 

historical 630 


hot-dipped (see “Hot-dipped 


tin plate”) 

hot-rolled breakdowns for.. 632, 638 
hydrogen -producing corrosion 


by foods 

651 

Importance of 


Kanners Special 

Cokes 630, 635, 636 

lacquered 


luster 


manufacture of 

...C30-6M 

menders 


metallurgical aspecta of. • 

...644-650 

oil film on 

..644»690 



1038 


THE MAKING, SHAPING AND TREATING OF STEEL 


Tin plate (eont) 

oQmg 650 

lA Charcoal plate 635, 636 

open-hearth steel for 585, 632 

oxide-films on 644, 649, 650 

oxide layer 644, 650 

perforation detection 644 

phosphorus in 645 

pin-hole detectors for 644 

pores 652 

Premier Charcoal plate 635, 636 

primes 636 

process discoloration ..649, 650, 651 

processing steel for 632 

production, annual 632 

protective oxide films for 650 

reckoning 637 

residual dements in steds for. . 585 

rimmed steels for 585, 632 

rusting 650, 651 

sampling 636 

scruff 647 

seconds 636 

semikilled steels for 585 

sequence of operations in 

manufacture of 632 

shearing 644 

side trimming colls of black 

plate for 633 

silver tin 630 

spangles * 648 

Standard Cokes 630, 635, 636 

steels for 585, 632, 644, 

645, 646, 652 

stiffness of 632 

sulphide discoloration 6^, 650 

surface characteristics 648 

symbols 631, 932 

temper rolling of black 

plate for 633, 645 

testing hardness of black plate 

for 633 

thickness of coating 644, 647 

3A Charcod plate 635, 636 

tin-iron alloy layer 644, 645, 646 

tin-oxide layer 644, 649 

tramp elements in steels for. ... 632 

triple-spot test 636 

2A Charcoal plate 635, 636 

Type L steel for 652 

Type MC steel for 653 

Type MR steel for 653 

types of 630 

uses for 632 

warehouse discoloration . . . .649, 650 

waiOiing 635 

waste-waste 636 

weight of coating 647, 648 

weights produced 631 

Tin Plate Gage 

basis for 929 

tabulation 930-931 

Tin pot 

hot-dip tinning 634, 635 

Tin-pot yield 

hot-dip tinning 635, 636 

Tin stone (see “Casslterite'*) 

Tinned armature-binding wire 

characteristics of 715 

Tinned steel 

emissivity factor 59 

Tinned wire 

coating process for 711 

uses for 713, 715 


Tinning (see '^Slectroljrtie 
tinning,’’ also “Hot-dip 
tinning") 

Tinning madhine 

hot-dip tinning 684, 685 


Tire wire 

characteristica of 714 

Titania (see “Titanium dioxide") 
Titanium 

addition to steel.. 202, 203 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

content of Earth’s crust 6 

deoxidizing power of 328 

ferrite former 794 

f errotitanium constituent 203 

graphitization influenced by 381 

iron-casting properties influ- 
enced by 381 

iron-ore constituent 145, 151 

melting point 8 

open-hearth oxidation of 322 

oxidation of 202 

residual element In carbon 

steel 825 

stainless-steel stabilization 

with 855, 863, 865, 866 

symbol 8 

Titanium cyanonitride 
blast-furnace occurrence of.... 253 
Titanium dioxide 

blast-furnace behavior of 253 

duplex-process slag constit- 
uent 263 

iron-ore constituent 143, 256 

refractories constituent 182 

Titanium oxides 

occurrence with magnetite 139 

Titanium pig iron 223 

Toluene 

boiling point 127 

crude (see “Crude toluene’’) 
light-olL constituent. . .115, 122, 123, 

126, 127, 128, 131 

recovery from light oil 126-131 

uses for 127, 138 

Tongue-and-groove passes 

bar-miU 546, 548, 550 

rolling-mill rolls 432 

Tongue-and-groove rolling 
method 

rails 525 

Tool steels 

alloy-steel (see “Alloy tool 
steels") 

crucible process for 263 

density of 929 

Top 

blast-furnace 223, 229, 231, 232 

Top-and-bottom firing 
continuous-type reheating 

furnaces 407, 410 

Top-blown basic pneumatic 
process (see “Top-blown 


oxygen ateelmaldng proc- 

Top-blown converters 

steel^king 268, 285 

Top-blown oxygen steelmaking 


processes 

blowing equipment 

blowing time ... 

converters f or 285 

converter lining life 285 

deoxidation practices 

duration of blow 

end point 288 

hot-metal mixers for...., 285 

lining life of convMters 285 

Unz-Donawitz process 286, 286 

mixers for 285 

nitrogen control 286 

oxygen mxpjfiy 285 


reactions in 286 

refractories consumption 285 

refractories for 285 

sequence of operations 286 

slag 286 

temperature control 286 

vessels for 285 

Top charging 

dectric-arc furnaces 341 

Top cone 

blast-furnace 226 

Top dust 


blast-furnace (see “Flue dust") 


Top gases 

blast-furnace (see “Blast-fur- 
nace gas") 

Top gates 

f otmdry mold 372 

Top kiUlng 

method for 586 

Top openings 

blast-furnace 232 

coke ovens 94, 105 

Top pressure 

blast-furnace 259 

Top slicing 

iron-ore mining .164, 165 

Top two-way-fired soaking pits 

principle of 403 

Topped tar 

characteristics of 70, 73 

Saybolt Universal Viscosity. ... 73 

viscosity 73 

Topping 

crucible-steel ingots 264 

Torches 

scarfing 498 

Torque requirements 

reversing primary mills 444 

Torsion 


principal stresses In 892 

Torsion springs 

characteristics of 722 

Torsion testing 

principles of 925 

Tossing 

tin-purification process 631 

Total-elongation extensometer 

principle of 886 

Total porosity 

refractories 187 

Total-strain methods 

yield-point determination 890 

Toughness (see also “Impact 
testing,” also “Notch sensitiv- 
ity," also “Notch toughness") 

aging decreases 823 

austenite grain size influences. . 795 

decrease on tempering in 500*- 

600* F range 834 

definition 881 

high-strength steels .. .844, 845, 846 

importance of 806 

Tower-type furnaces 

heat-treating applications 419 

Tower-type loopers 

electrolytic-tinning line 840 

galvanizing line 672 

T (see “Tin Plate Gage") 

Track time 

ingot-heating time dependent 

upon 406 

definition W 

ingots 354 

Trackage 

electric-furnace plants 250 

open-hearth plant 290, 293 

open-pit iron-ore mines 261 

soaklng-plt building ..404 



Train 

roU-«tftnd8 in 420, S42 

Ttmap eUmients 

definition 205 

tin-plate Btetls 632 

Tmimt car 

iron ore 242» 244 

Transfers 

plate-miU 513,515.516,517, 

520, 521,522 

primary-miU 467, 468, 472 

sUb 508^ 

Transformation 
alloying elements content 

related to rate of 801 

austenite 707-806 

narbon content related to rate 

of 801 

continuous cooling related to 
isothermal transformation. 804-806 
cooling rate related to products 

of 804-806 

grain size related to rate of . . . . 804 
heat of (see *'Heat of transfor- 
mation”) 

isothermal 797-804 

rate changes during isothermal 

transformation 798 

rate dependent upon alloying- 

element content 801 

rate dependent upon carbon 

content 801 

rate related to grain size 804 

steel 386, 792-794 

stresses set up by 811 

Transformation temperatures (see 
**Critical temperatures”) 
Transformer capacity 

electric-arc furnaces 340 

Transformers 

electric-arc furnace 344, 346 

electrical sheets for.... 848 

principles of 48 

tap changers for 346 

Transit time (see "Track time”) 
Transition temperature 

impact testing 906-908 

strain aging related to 924-925 

Translucent attrltus 63 

Transmission 

alternating current, electric. ... 48 

Transportation 

iron ores 159, 160, 161, 170 

Transverse cracks 

ingots affected by 493 

Transverse fissures 
controlled cooling for prevent- 
ing 825 

Transverse load testa 

iron castings 384 

Traveling-grate stokers 69 

Tread 

whed 568 

Tread rolls 

whed-miU 574 

Trestle 

blast-furnace plant 243 

Tri-caldum dlicate 

composition 326 

Triangular file-steel bars 

roll passes for .548, 550 

Tdbasic adds 

definition 26 

Tichlorethylene 

deaning agent 621 

Tridinic unit csUs 12 

Tridymite 

alumina-silica system compo- 
nent 191 


INDEX 

ferrous oxide-alumina-ti]iea 

system component 192 

ferrous oxide-ferric oxide- 

silica system component 197 

ferrous oxide-silica system 

component 197 

lime-dumina-dlica system 

component 193 

lime-manganous oxide-silica 

system component 198 

lime-silica system compo- 
nent 196 

manganous oxide-alumina-dlica 

system component 196 

potassium oxide-alumina-silica 

system component 195 

sodium oxide-alumina-silica 

system component 194 

specific gravity 1^ 

Trimethyl^iophene 

light-oil constituent 123 

Trinitrotoluene 

coal chemicals as source 127 

Triple firing 

continuous-tirpe reheating 

furnaces 407 

Triple spot test 

long temes €57 

tin plate 636 

Triplex processes 

steelmaking 364 

Triply-primitive unit cell 14 

Trikdium phosphate 
tin-plate cleaning solutions of . . 635 
Tri-Ten 

compositioii of 844 

Tri-Ten "E” 

composition of 844 

Trivalent atoms 22 

Tromp process 

coal preparation 68 

Trompe 

air blowing by 207 

Tropenas converters (see "Side- 
blown process”) 

Trucks 

open-pit iron-ore mining... 158, 161 
True q^ecific gravity 

refractories 187, 188 

True strain 

definiUon 893, 894 

True stress 

definition 893, 894 

True stress-strain curve 

significance of 893, 894 

True valence - . 22 

Trunnel head 

beehive coke ovens — 91, 92 

Trunnions 

converter 271 

blast-furnace 232 

Tube annealing 

wire 705 

Tube distillation assay test 

coal 22 

Tube hollows 

definition 778 

Tube mills 

cement grinding 179 

Tube-reducing process (see 
"Rockrite process”) 

Tube-rolling mills (see TTubtilar 
products”) 

Tube rounds 

definition 4© 

PMlUK 

rolling of 

ecarfing 740 


Tubes (see "Tubular products”) 
Tubing 

cold-drawn (see "Cold-drawn 
tubes”) 

d^tric-resistance-welded (see 
"Electric-resistance-welded 


pipe") 

external upset oil-well 782 

mechanical (see "Mechanical 
tubing") 

oil-well (see "Oil-well tubing”) 

pump 

standard oil-well 782 

Tubs 

blowing 83 

Tubular products 

butt-weld process for 724 

classification by method of 

manufacture 725 

classification by use 724, 725 

cold-drawn tubes 756-766 

cone-roll mill for piercing 424 

continuous mill for rolling 424 

cupping process for 767-770 

disc-type mill for 424 

electric-resistance-welded 

tubing 734-736 

electric-welded large-diameter 

pipe 736-738 

extrusion of 770-778 

finishing operations on 778-787 

hot-extrusion of 770-778 

importance of 724 

Mannesmann mill for piercing. 424 

manufacture of 724-787 

piercing methods 424 

piercing mills for 43A 

pipe (see "Pipe”) 

rolling mills for 424 

seamless tubes (see "Seamless 
tubes") 

standards for 724 

surface finishes for 765, 766 

uses for 725 

welded (see "Hpe”) 

Tuckerman extensometer 

principle of 884-885 

Tukon tester 

principle of 902 

Tumbling barrel 

steel castings cleaned In 373 

Tundlsh pouring 

steel 317 

Tungsten 

addition to steel 203 

atomic number 8 

atomic weight 8 

boiling point 6 

ferrite former 794 

ferrite strengthener 834 

ferrotungsten constituent ...... 203 

melting point 8 

open-hearth oxidation of 322 

r^uction from oxides in 
electric-furnace slag 353 


sources for addition to steel. . . . 203 


symbol 8 

Tungsten carbide 

wire-drawing die nibs of 689 

Tunnel kilns 

refractory firing In 184 

Tunnel-type bakers 

wire-niill 689 

Tunnel-type fumacts 

heat-treating applications 418 

Tup 

steam hanuntr 387 
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Turbine* 

steam-driven (see **Steam 


turbines^) 

Turboblowers 

blastfurnace 245 

gas-producer 77 

steam driven 83 

Turbo-exhausters 

coke oven 115 

Turgite 

iron ore 139 

Turk’s head 

mechanical tubing shaped by. . 764 

shaped-wire forming in 695 

Turning 

. axles 580 

bars 552 

roUs 437, 527 

steel-base rolls 437 

Turnings 

blast-furnace scrap 205 

Turntable unloaders 

larry car, coke oven 106 

Turntables 

hot-strip mill .587, 591 

Tuyere cap 

blast-furnace 226, 227 

Tuyere coolers 

blast-furnace 226, 227 

Tuyere jacket 

blast-furnace 227 

Tuyere plate 

converter 271 

Tuyere stock 

blast-furnace 226, 227 

Tuyeres 

American bloomery 208 

blimking in converters 272 

blast-furnace 223, 226, 227, 

228, 249 

blast-fiunace loss of 249 

Catalan process 207 

converter 271 

cupola 274 

Lemcashire process 210 

pyrometric cone equivalent.... 186 

South Wales process 210 

stuckofen 208 

Walloon hearth 210 

Twin-motor drives 

cold-reduction mills 459 

reversing mills 453 

Twist 

bar defect 557 

Twist rolls 

WUet-mill 484 

Twisting 

principal stresses in 892 

2A Charcoal tin plate 

coating weight of 636 

Two-draft wire 

dry drawing of 698 

Two-high mills 

bar-mill applications 540-546 

chock arrangement in 426 

drag-over type 420 

hand hot mills 594-596 

hot-strip-mill use of 587, 591 

plate mills 50$ 

principle of 420 

pull-over type 420 

rall-mlU 523, 524 

reversing type 420 

roll-adjusting means 491 

sheet rolling on 583, 594 

structural-]^ $32, 533 


Two-high reversixig mills (see 
**Reveniag mills*') 


Two-high tandem blooming mill 


arrangement of 467 

Two-level shop 

open-hearth 290 

Two-minute wire 

definition 711 

Two-pass stoves 

blast-furnace 233 

Tyler slates 

Gogebic range 155 

Type 

coal, definition 63 

Type L steel 

tin-plate base 652 

Type MC steel 

tin-plate base 653 

Type MR steel 

tin-plate base 653 

U-shape rails 523, 524 

U-type housings 

rolling-mill 427 

UJ^. plates 

clasidfication of 503 

Ukraine 

Iron ores 142 

Ultimate analysis 

coal 63 

Ultrasonic testing 

flaw detection by 927 

heat- and corrosion-resistant 

steel castings 377 

steel castings 373, 377 

Unbound electrons 39 

Uncoilers 

electrolytic-tinning line 640 

galvanizing-line 669 

Underfills 

causes of 556 

wheels 577 

Underfired stokers 69 

Underground iron-ore mining 

Cuyuna range 164 

depths of mines 165 

haulage systems 165 

importance 164 

Mesabi range 164 

Michigan ranges 164 

mine depths 165 

shafts for 164 

skips for hoisting ore 165 

Vermilion range 164 

Underground mining 

coal 65 

iron ore (see “Underground 
iron-ore mining”) 

Underhand sloping 

iron-ore mining 170 

Underjet firing 

coke ovens 98, 100 

Underjet heating systems 

coke ovens 98, 100 

Underpickling 

causes of 555, 599 

Unit ceUs 12, 14 

Unit cube 

iron 789 

Unit magnetic pole 

definition 37 

Unit mass 7 

Unit positive charge.,...**. 7 

United Kingdom (see also 

Isles,” and “Great Britain”) 

iron-ora reserves 140 

United States 

Uw ores 140, 141, 145 

United States Sheet Gages 
basis for 928 


United States Standard Gage 


for 928 

tabulation 930-931 

United States Steel Wire Gage 

origin of * 932 

tabulation 980-931 

Unitemper rolling mill 

principle of 423 

Univalent stoms 22 

Universal-mill plates 

classification of 1 503 

size limitations 584 

Universal mills 

edging rolls for 428 

plate mills .506, 521 

principle of 421, 504 

slabbing-type 467 

Universal plates 

classification of 503 

Universal slabbing mills 

characteristics 467 

Unloading rigs 

iron ore 242 

Unsaturated hydrocarbons 

light-oil constituents 123, 127 

Unsoundness 

iron castings 378 

Unwashed motor benzene 

light-oil fraction 129, 131 

Upenders 

pickling-line 598 

Upholstery springs 

characteristics of 722 

Upper Assam Clay ironstones 

geologic age of 142 

Upper bell 

blast-fturnace 230 

Upper limit of 

flammability 56, 58 

Upper yield point 

definition 889 

Up-run 

water-gas producers 78 

Upset test 

bars 557 

Upsetting 

pipe ends 782 

Upsetting machines 

principle of 388 

Uptakes 

basic open-hearth 200 

blast-furnace 232 

open hearth ...200, 297, 298, 303, 304 
Uranium 

atomic number 8 

atomic weight 8 

melting point 8 

symbol 8 

U.S.S.G. (see “United States 
Standard Gage”) 

U. S. Steel Wire Gage 

tabulation 930-931 

U.S. Stl. W.G. (see ”United 
States Steel Wire Gage”) 

Utah iron ores 

alumina in 151 

arsenic in 151 

copper In 151 

development 151 

geology 149, 150 

hematite 151 

iron content 151 

lime in 151 

limonites 151 

location 149,150 

magnetite 151 

manganese in 151 

mineralogical mtk»^up 151 

bocurrence 145^ 149, 150 



Utah iron orot (eont) 

origin 149» 150 

phosphorus in 151 

production 151 

replacement type 151 

silica in 151 

sulphur in 151 

titanium in 151 

transportation 152 

vein type 151 

zinc in 151 

V-crimped roofing 

galvanized 662 

V-segregate 

ingot phenomenon 395 

Vacuum 

canning procedures for 

controlling 651 

Vacutun batch still 

tar-acid refining 136 

Vacuum melting 

techniques for 357 

Valence 

apparent 22 

ionic 21 

non-ionic 21, 22 

true 22 

Valence electrons 9, 21 

Valence numbers 22 

Valence state 

definition 22 

symbol for 22 

Valuation 

iron ores 143 

Valve-spring wire 

characteristics of 714 

Valves 

blast-furnace stoves 234 

open-hearth 297, 298, 305 

Vanadium 

addition to steel 202, 203 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

boiling point 8 

deoxidizing power of 328 

ferrite former 794 

ferrite strengthener 834 

ferrovanadium constituent .... 203 
iron-casting properties influ- 
enced by 381 

iron-ore constituent 143 

melting point 8 

open-hearth oxidation of 322 

oxidation of 202, 322 

reduction from oxides in 

electric-furnace slag 353 

residual element in carbon 

steel 825 

steel castings’ content of 368 

ssrmbol 8 

tempering rate influenced by.. 832 
Vanstone joints 

pipe 785 

van’t Hoffs law of mobile 

equilibrium 23, 325 

Vapor degreasing 

principle of 621 

Vapor pressure 

definition * 16 

Reid 73 

solutions 24 

water 54 

Vapor-recirculation process 
S^enol recovery 120 


INDEX 


Vaporization 

definition jg 

heat of (see **Heat of vaporiza- 
tion”) 

Variable- speed control 

rolling-mill drives 442, 450-452 

Variable-voltage control 

electric-arc furnace 348 

Varnishes (see “Organic 
coatings”) 

Vat pickling 

bars 553 

Vats 


pickling (see “Pickling tanks”) 
Vegetable oils 

steel foundry use in molding.. 367 


Vein- type ores 

iron ore 151 

Velocity of combustion 56 

Venezuela 

iron ores 140, 142 

Ventilation 

electric-arc furnace charging 

floor area 343 

motor rooms 459 

Vents 

fotmdry mold .....370, 371, 373 

Vermilion iron-ore range 

Ely greenstone 156 

extent 155 

geology 156 

hematites 156 

location 153, 155 

mining methods 158, 164, 167 

ore types 156 

origin of ores 156 

production 156 

Soudan formation 156 

Vertical pot still 

tar-acid refining 138 

Vertical wheel mills 

operation of 574, 575 

principle of 569 

Vertically-fired soaking pits 

principle of 402 

Vessel 

pneumatic (see ’’Converters”) 
Vessel repair car 

acid-Bessemer plant 270 

Vibrating devices 

refractory molding 184 

Vibrating feeders 

coke bins 244 


Vibrators 

larry car 106 

Victaullc-type joint 

pipe coupling with 785 

Vickers hardness test 

indenter for 900 

principle of 900, 901 

techniques for 900, 901 

Virgin tar 

Say bolt Universal Viscosity. ... 73 
Virginia 

iron ores 142 


Virginia slates 
Cuyuna range .... 

Mesabi range 

Viscosity 

absolute 

definition 

liquid fuels 

petroleum wash oil 

pitch-tar mix 

relative 

Saybolt Furol 

Saybolt Universal . 
tar 


157 

156 

72 

17 

72 
124 

73 

72 

73 
73 
78 


X041 

topped tar <13 

wash oil 124 

Vitrain 

characteristics of 53 

coking properties of coal 

affected by 33 

Vitreous enamels 

application of 627 

burning ’**** ^27 

characteristics of 627 

components of 627 

finish coats 627 

firing 627 

ground coat 627 

low-lemperat\ire-firing 

types 627 

single finish coats 627 

slip 627 

Voids 

refractories 

Volatile matter 

coal constituents 64, 90 

coke-oven outlets for 93, 94 

collection from coke ovens. .105, 115 
flushing-liquor condensate 

from 105 

Volt 

definition 40 

Volta furnace 

direct-arc type 335 

Volume 

gas volume related to pressure. 16 

gram-molecular 19 

relative volumes of reacting 

gases 28 

Volume changes 

refractories 189 

Vom Baur furnace 

direct-arc electric 335 

Vulcan iron formation 
Menominee range 154 

W. 6 M. Wire Gage (see “Wash- 
bum 4k Moen Wire Gage”) 

W.G. (see also “British Imperial 
Standard Wire Gage”) 

tabulation 928 

W.W.G. (see “Warrington Wire 
Gage”) 

Wabana iron ores 

occurrence of 141 

Wabana oolitic hematite iron ores 

geologic age of 142 

Wah Wah Mountains deposits 

iron ore 149 

Walking 

rails 529 

Walking-beam furnaces 

heat-treating applications 417 

Walloon process 

wrought-iron manufacture .... 209 
Ward-Leonard system 
direct-current motor speed 

control 451 

Warehouse discoloration 

tin plate 649, 650 

Warm working 

seamless tubes 747 

Warrington Wire Gage 

historical 828 

Wash heats 

purpose of 351 

Wash oil 

benzolized 125 

boiling range 124 

characteristics desired in...... 132 

coal-chemical recovery 122 

debenzolization of 125 

fire point 124 
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Wash oil (eont.) 

flash point 

light^oil absorbent 

light-oil crude-residue constit- 
uent 

light-oil separation from 

properties desired in 

scrubber employing 

specific gravity 

viscosity 

Wash-oil scrubber 

light-oil recovery process 

Wash-water disposal 
blast-fiunace-gas cleaning .... 
Washburn & Moen Wire Gage 


historical 

932 

tabulation 

. .930-931 

Washburn core 


foundry molds using 

373 

Washed ingots 


cause of 

898 

Washed metal 


crucible process use of . . . . 

263 

Washed motor benzene 


light-oil fraction 

128 

Washers 


coal 

67 

tar-acid recovery 

134 

Washing 


acid (see “Acid washing”) 


ammonium sulphate 

120 

blast-furnace gas 

235 

carbolic oils 

134 

coal (see “Coal preparation’*) 

iron ores 

163 

steel during reheating 

.408* 411 

tin ores 

....; 681 

tin plate 

635 

Waste dumps 


open-pit iron-ore mining. 

160 

Waste-gas flues 


coke ovens 

...97. 99 

Waste-heat boilers 88, 

293, 297. 


298. 306 


Waste-heat recovery (see also 
*'Eecuperators/' also 
^'Eegenerators”) 

beehive coke ovens 91 

Waste- waste 

tin-plate 636 

Water (see also “Water vapor’*) 
blast-furnace charge 

component 254 

blast-furnace intake with 

air 258 

blast-furnace reactions 

involving 254-255 

blast-furnace supply 245 

clarification in coal 

preparation 67 

coke constituent 256 

coke-quenching Ill 

condensation from raw coke- 

oven gas 116 

decomposition in blast 

furnace 254 

dolomite constituent 173 

heat of formation 251 

hygroscopic* iron ores. 144 

iron-ore con- 
stituent 139* 144* 223* 256* 860 

limestone constituent 173* 256 

product of primary breakdown 

of coal 113 

quenching in 611 

temperature of maximum 

density IS 

vapor pressure of 54 


Water cooling 

blast furnaces 225, 226, 227, 226 


bosh linings 199 

heating-furnace applications 

of 401 

liquid-fuel burners 74 

primary-mlU applications 479 

reheating-furnace skids 589 

skewbacks 303 

tank of open hearth 304 

wing walls of open-hearth 304 

Water gas 

air blow in making 77 

carburetted 75 

carbon-dioxide content 81 

chemical reactions in 

forming 77 

combustion products 81 

composition 81 

flame temperature 81 

fuels used in making 75 

manufacture of 77 

nitrogen content 81 

oxygen content 81 

production methods (see 
*‘Water-gas producers”) 

products of combustion 81 

properties 81 

steam run in making 77 

theoretical flame temperature.. 81 

utilization 75 

Water-gas producers 

air blow 77 

charging 77 

chemical reactions in 77 

control of 77 

down-run 78 

gas rim 78 

operation 77 

steam run 77 

up-nm 78 

Water of crystallization 21* 144 

Water treatment 

blast-furnace plant 245 

Water troughs 

blast-furnace 229 

Water vapor (see also “Water**) 

air containing 55* 56 

blast-furnace gas 

constituent 79 

blast-furnace reactions 

involving 251 

coke-oven gas constituent 79 

combustion affected by 55 

combustion product 53* 81 

condensation from raw coke- 

oven gas 116 

decarbiu-ization of heated 

steel by 411 

flue product of combustion... 53* 57 

gases containing 53 

oxidation of steel by 414 

product of combustion 53* 87 

scaling of steel in atmosphere 

of 596 

Watering 

beehive coke 98 

coke 93, 110 

Damascus steel 261 

Watt 

definition 33 

Wax 

paraffin 72 

patterns of 887 

petroleum constituent 72 

Wazau test 

principle of 924 

Wear 

deflnition 925 


rolls 806 

Wear testing 

principles of 925-926 

Weaving wire 

characteristics of 712 

Web 

wheel 568 

Web holes 

punching 575 

Web rolls 

wheel-mill 574 

Weber rail joint 529 

Wedge-type extensometer 

principle of 886 

Weighing 
blast-furnace raw 

materials 243, 244, 248 

Weight 


atomic (see “Atomic weight**) 
combining (see “Combining 


weight**) 

deflniUon 15 

molecular 7 

Weight gages 

tabulation 930-931 

Welded pipe (see also **Butt- 
welded pipe,** also "Electric- 
welded pipe") 

wTought-iron 219 

Welders 

electrolytic-tinning line 640 

galvanizing-line 669 

pickling-line 599 

pipe-mill 732 

wire-mill use of 695 

Welding 

expanded pipe ends for 784, 785 

high-strength steels ....842, 844-846 
pipe (see “Butt-welded pipe/* 
also “Electric-welded pipe**) 

processes for 712, 713 

skelp coils 732 

stainless steels 863 

steel castings repaired by. . .873, 376 

studs on billets 774 

submerged-arc 736 

Welding bell 

butt-welding process 724* 728 

Welding horn 

butt-welding process 734 

Welding machine 

butt- welding pipe in 728 

Welding rods 

wire for 712 

Welding rolls 
continuous butt-welded 

process 734 

Welding wire 

requirements of 712* 713 

Welds 

radiographic inspection — 926, 927 
WeU block 

steel ladle 316 

Wellman tilting furnace 

principle of 359 

Wenstrom rolling mill 

principle of 422 

Western U.S. iron ores 

production 145 

Wet bottoms 

converters 272 

Wet cleaning 

blast-furnace gas 235 

Wet drawing 
wire 


Wet galvanbdng (see *'£2ectrogal- 
vanizing,** also “Wire ^ectro- 
galvanizing**) 
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124 
122 

123 

125 

124 
124 
124 
124 


124 


236 
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WetL 

coal preparation 67 

portland-eement 

manufacture 178, 179 

wire-drawing 684, 698, 699 

Wet Quenching 

coke 110 

Wet storage stain 
galvanized sheets and coUs 

affected by 668 

Wet-washing niacdiine 

tin plate 634, 685 

Wetting agents 

pickling-proeess use of 598 

Wharf 

coke Ill, 112 

Wheel blanks 569, 570 

Wheel blocks 569, 570 

Wheel mills 

back rolls for 574 

conditioning blanks for 

rolling 573 

drives for 574, 575 

finishing operations in 575 

forging wheel blanks 570-573 

heating blocks for forging 570 

heating blanks for rolling 573 

horizontal-type 569 

housings for 574 

hydraidic forging presses for. . . 572 

operation of 573-575 

power requirements of 443 

rolling operations in 573-575 

roUs for 574. 575 

tread rolls for 574 

vertical type 569, 574, 575 

web rolls for 574 

wheel-blank forging 570-573 

Wheel swarf 

delflnition 262 

Wheels 

alloy-steel 568 

blanks for 569, 570 

blocks for 569, 570 

block marks on 577 

bore of 568 

boring 577 

Brinell test for 569 

car 568 

classes of 569 

composition of steels for 569 

conditioning blanks for 573 

coning 568, 575 

controlled cooled 569, 576, 577 

crane track 568 

dishing 568, 575 

double-flange 568 

double forging of blanks for. ... 573 

electric-railway 568 

ilnidiing operations on 575 

flange of 568 

forging blanks lor.. 570-573 

freight-car 568 

harness test for 569 

heat treatment of 569, 577 

high-duty 568 

hub of 5^ 

industrial-car 568 

industrial locomotive 568 

inspection of 576, 577 

locomotive 568 

machining 577 

marking for identifleation. .569, 575 
mills for rolling (see **Wheel 
mills’*) 

multiple-wear 568 

normidlzing 577 

oil Quenehhig and 
tampering 669, 577 


one-wear 

overfills 577 

parts of ] 558 

passenger-car 568 

plate of 

punching hub bore 573 

punching web holes in 575 

Quenching 577 

rim of 568 

rim toughening 589. 577 

rolling of (see “Wheel mills'*) 

scale pits on 577 

single-flange 568 

slivers on 577 

stamping 575 

steel for 570 

surface defects 577 

tape size 577 

tempering 577 

testing 569 

tread of 568 

imderfills 577 

web-hole punching in 575 

web of 568 

wrought-steel wheels defined.. 568 
Whirl gates 

foundry mold 372 

Whirls 

wire-straightening 700 

White heart malleable castings 

manufacturing methods 383 

White metals 

compositions 426 

White phosphorus 

specific gravity 30 

White pickling 

black plate 633 

equipment for 601 

Wide-flange beams (see also 
“Structural sections") 

roUing of 532-538 

Wicket 

blast-furnace 227 

open-hearth 301 

Wide hot-strip mills (see “Hot- 
strip mills") 

Wiedemann-Franz law 35 

Wild steel 

acid-Bessemer process 267 

Williams core 

foundry molds using 373 


Williams reinforced rail joint. ... 529 


Wire 

air patenting of 

aluminum coating for 711 

annealed 712^ 713 

annealing of 701, 702, 705 

armature-binding wire 715 

austempering of 707 

baking . . . . . . . 698 

bale ties 718 

barbed (see *'Barbed wire'^) 
blocks for drawing (see ‘’Wire- 
drawing blocks”) 
bridge (see “Bridge wire”) 


Bright Basic 712. 713 

Bright Bessemer 712^ 713 

Bright Soft 678 

C-hooks for handling 685, 686 

classification of 676 

coarse 677 

coatings for protection .707-712 

Cold-Heading 712 

common trade names for 

various kinds 712-717 

common wires 712-713 

concrete-reinforcing fabric 718 

copper 699 

copper-clad 623 

coppered 685, 713 

cranes for handling 686 

cutting 700 

cycle axmealing of 702 

defects in 701 

dies for drawing (see “Wire- 
drawing dies") 
double-lead process for 

patenting 706 

drawing limits for 700 


drawing machines for (see 
“Wire-drawing machines") 
drawing procedures (see “Wire 


drawing") 

dry-drawn 697 

early manufacturing methods. . 675 

Edison gage for 932 

electrodes for welding 712, 713 

extra soft 678 

fabric for concrete 

reinforcement 718 

fabricated forms of 717-723 

fencing (sec “Wire fence*') 

fine 677 

finishing operations on 700 


Wilputte coke ovens 
design of ....94, 98, 99, 100, 102, 103 

firing principles 94, 98, 99, 100, 

102, 103 

principle of operation — 94, 98, 99, 
100, 102, 103 


five-draft 698 

flat (see “Hat wire") 

four-draft 698 

gages for 676, 677, 928, 

930-931, 932 

galvanized (see “Galvanized 


WUputte low-differential con- 
troUed-crystallization process 

ammonia recovery 119 

Wind box 

converter 271 

open-hearth 804 

Wind tunnel 

coke-ovens 103 

Window 

rolling-mill housing 427 

Window sash 

roll passes for 549 


Wing walls 
open hearth . 
Winkler process 


303, 304 
• • • a 78 


Wipes 

wire«>galvanizing process 


709 


Wiping 

galvanized pipe 
galvanized wire 


787 

708 


wire") 

galvanizing of (see “Wire 
galvanizing") 


grades of 712-717 

grain size 702 

hard drawn 698 


hardening by heat 

treatment 

hard temper 

heads for straiiditening, 

heat treatment of 

historical 

importance of 

inspection of 

kinds of 

lead annealing of 

Liquor-Finished 

manufacture of 

market wire 


.701, 706, 707 

678 

700 

.698, 701-707 

674-675 

674 

701 

712-717 

705, 706 

.685, 712, 713 

674-717 

713 


mechanical pvopartiae. .6H 886» 701 
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Wire (cont.) 
mechanical properties 

a0ected by drawing 694, 695 

medium classifications 712 

medium-hard temper 678 

metal-stitching wire 715 

metallic coatings for 707-712 

metallic hardening process 

for 706 

mulHe annealing of 705 

music wire 714 

nails (see **Wire nails”) 

normalizing of 702 

old-process patenting of 706 

one-minute wire 711 

OP. patenting of 706 

patenting 701, 706 

pay-off reels for 694 

piano wire 714 

pin of 686 

pointing for drawing 695 

pot annealing of 705 

prestressed-concrete applica- 
tions of 718 

principal uses of 674 

process annealing of. . . .701, 702, 704 

process wire 684 

products fabricated from. . . .717-723 
properties of patented wire — 706 

protective coatings for 707-712 

rods for (see “Wire rods’*) 

roll straighteners for 700 

rope made from (see “Wire 
rope”) 

rope wire 714 

salt-bath annealing of 705 

Scratch-Brush 713 

shapes (see “Wire shapes”) 

single-draft coarse 697 

six-draft 698 


size tolerances for 700 

sizes of * * • 676 

soft 678 

special wires 698, 613-715 

spoke wire 714 

springs made from (see “Wire 
springs”) 

stainless-steel 715 

steels for 676 

stem pay-off for 694 

stem of 686 

straightening 700 

stretching machines for 

straightening 700 

surface finishes of 677 

temper of 677 

tempered 714 

tempering 701, 706, 707 

testing 701, 710 

three-draft * 698 

tinned 713, 715 


tinned armature-binding wire. . 715 


tinning of 
tire wire . 


711 

714 


tolerances for 


700 


tube annealing of 705 


two-draft 698 

two-minute wire 711 

types of ^ 

valve-spring wire 714 

Weaving T12 

Welding-rod 712 

whirls for straightening. 700 

wrought-iron * 675, 676 


acinc-coated (see “Oidvanized 


wire”) 


Wire drawing 

auxiliary equipment for 6M 


blocks for (see “Wire-drawing 


blocks”) 

borax coatings for 684, 688 

bridge wire 723 

coarse wires 697 

coatings for ..684, 685, 688, 698, 699 

copper wire 699 

diamond dies for 689 

die alignment in 699 

dies for (see “Wire-drawing 
dies”) 

draft defined 684 

dry process 684, 688, 697, 698 

effects of 695 

equipment for 689 

fine wire 698, 699 

five-draft wire 698 

four-draft wire 698 

frames for 684, 693 

hard -drawn wire 698 

heat generated in 695 

high -carbon wire 698 

historical development 675 

lime coatings for 684, 688 

limitations of .697, 700 

lubricants for 684, 685 

machines for (see “Wire- 
drawing machines”) 
mechanical properties 

affected by 694, 695 

microstructure affected by. .696. 697 

pointing stock for 695 

precautions in 699 

processes for 684, 685, 688, 

697, 698 

results of 695 

rod-drawing 684 

rod-preparation for 684 

safety precautions in 695 

single-draft coarse wire 697 

six-draft wire 698 

size tolerances in 700 

soap as lubricant for 685 

Structural changes pro- 
duced by 696, 697 

sull coating for 684 

three-draft wire 698 

tolerances for 700 

tungsten carbide for dies 689 

two-draft wire 698 

wet process for 684, 698, 699 

wire temper controlled by 

extent of 577, 678 

Wire-drawing blocks 

bull blocks 684, 691 

coarse wire 677 

fillet of 590 

fine wire 577 

historical 575 

motor blocks 584, 691 

operation of 690 

wire-drawing frame 584 

Wire-drawing dies 

alignment of 599 

diamond dies 589 

hole contour 589 

materials for 689 

nib of 589 

tungsten-carbide nibs lor 689 

types of 589 

i^re-drawing frame 1 . . . . 584 

Wire-drawing frames 

blocks for 684 

die for 684 

drawbar for 584 

operation of 584 

principle of 693 

Wire-drawing machines 


buU block! (see “Bull blocks^*) 


circular tandem type fur fine 


wire 693 

continuous-type 692, 693 

drawbench 690 

fine-wire drawing 693 

intermediate-type 693 

motor blocks (see “Motor 
blocks”) 

safety devices for. 695 

step-cone-type for fine wire... 693 

tandem type for fine wire 693 

Wire electrogalvanizing 

advantages of 710 

equipment for 710 

operation of process 710 

Wire fence 

historical (75 

kinds of 717, 718 

woven- wire 675, 717 

Wire galvanizing 

advantages of 707 

coiling equipment for 709 

cooling coat^ wire 709 

dross formed in 708 

methods for 707 

pickling for 707 

processes preliminary to 707 

spelter pan for 708 

wiping methods 708 

zinc skixnmings from 708 

Wire nails 

finishing 717 

forming operations on 717 

historical 675 

machines for making 717 

Wire products 

manufacture of 717-723 

Wire resistance strain gages 
tension-test applications 

of 883, 885 

Wire rods 

baking 689 

billets for 679, 680 

blocks for drawing 684 

borax coating 684, 688 

C-hooks for handling 685, 686 

characteristics of 678 

cleaning .684, 685, 687, 688 

coating for drawing 684, 688 

coils of 678 

cranes for handling 686 

defects in 683 

dry drawing 684, 688 

historical 675 

lime coating 684, 688 

pickling 684, 685, 687, 688 

pin of 686 

pointing for drawing 695 

preparation for drawing 684 

production of, annual 674 

reels for 583 

rinsing after cleaning 688 

rolling of (see “Rod mills”) 

sizes of 578 

stem of 585 

sull coating 584 

time required for pickling. .... 688 


Wire rope 

closing 

cores for 

fabrication of . . . 
hemp cores for, 

historical 

Lang lay 

laying 

regular lay .... 
stranding 


720 
,719. 720 
719, 720 
.719, 720 
.... 674 
.... 720 
....720 
.... 720 
.... 720 
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Wire rope (cont.) 

types of 719, 720 

wire for 714 

Wire shapes 

(sections of 676 

Turk’s head for forming 695 

Wire springs 

active coils of compression 

springs 720, 722 

bluing 722 

clock springs 722 

compression tarings 720, 722 

double torsion springs 722 

end finishes for 720*722 

extension springs 721, 722 

free length of compression 

•springs 720 

helical springs 722 

historical 675 

inactive coUs of com- 
pression springs 720, 722 

initial tension 722 

jig springs 722 

motor springs 722 

pitch of compression springs... 720 

scale testing 722 

tested spring 722 

testing 722 

torsion springs 722 

types of 720-722 

upholstery springs 722 

Wisconsin 

iron ores 142, 153 

Wobblers 

roU 431 

Wolf furnace 


wrought-iron production in. . . . 208 
Wolf oven 

wrought-iron production in. . . , 208 


Wolhaupter rail joint 529 

Wollastonite 

lime-silica system component.. 196 
Wood charcoal 

blast-furnace fuel 113 

Wootz 

manufacture of 261 

Work 

definition 33 

Work hardening (see also “Cold- 
working”) 

stainless steels 860, 863 

Work rolls (see “Working rolls”) 
Working 


cold (see “Cold working”) 
hot (see “Hot working”) 

Working period 
acid electric-arc furnace 

process 355 

acid open-hearth 331 

chemistry of working period in 

basic open-hearth 324 

dry-bottom duplex process.... 362 

open-hearth 311, 313, 324, 331 

single-heat duplex process 362 

Working rolls 

duster-mlU 420 

cold-reduction mills (see 
“Cold-reduction mills”) 
four-high rolling ..420, 510, 514, 519 

function of 420 

plate-inm 510, 514, 519 

Working volume 

blast-furnace 228 

Worms 

yield-point phenomenon 889 

Wound*-iotor inducticm motors 
hot-strip mill applications 456 


motor-generator sets driven 


rolling-mill drives 447, 455 

three-high mill drives 455 

Woven-wire fence 

manufacture of 7 ig 

Wrought iron 
American bloomery for 

making 207, 208 

antiquity of 1-2 

Aston process for making.. 211, 215 
balling furnaces for bushel- 

ing 213 

bauemofen for making 208 

Bessemer process used in 

production of 216 

best bar 214 


blasofen for making 208 

blau furnace for making 208 

blauofen for making 208 

blooms of 206-213 

blown metal for making 216 

blue furnace for making 208 

Burden squeezer for puddle 

balls 213 

busheling 213 

carbon in 218 

carburization of surface 261 

case hardening 261 

Catalan process for making.... 207 

cementation-process raw 

material 262 

charcoal-hearth processes for 

making 209 

composition 218 

crucible process use of 263 

density of 929 

direct processes for making. 206, 207 

double-refined iron 214 

double-rolled iron 214 

dry puddling process for 

making 210 

ductility of 219 

Ely mechanical puddler for 

making 211 

etch testing 218 

fagoting for rolling 214 

fracture test for 218 

fimiaces for making 206-217 

grain size of matrix 218 

hand puddling process for 

making 210-214 

historical background 206, 207 

indirect processes for 

making 206, 209 

Lancashire process for making. 210 

loup furnace for making 208 

luppenofen for making 208 

macroscopic structure 218 

manganese in 218 

manufacture of 206-219 

mechanical properties 218 

mechanical puddling processes 

for making 211 

merchant bars 214 

microscopic structure 218 

muck-bar mill for rolling 213 

muck bars 213 

No. 2 iron 214 

No. 3 bar 214 

Osmund furnace for making... 208 

pearlite in 218 

phosphorus in 218 

pig-boiling process for making. 210 

pig iron for making. 221, 223 

piling for rolling 213 

pi«^ ^ 

properties of Zl® 


1045 


puddle balls of 212 

puddling furnaces for 

milking 210-213 

puddling process for 

- 209-215 

’foUu'S 213, 217 

salamander furnace for 

"taking 208 

sliingling puddle balls 213 

silicon in 218 

single-refined iron 1 ! 214 

single-rolled iron 214 

siaC in . . 218 

slag used in making 216 

South Wales process for 

niaking 210 

specific heat 54 

squeezing puddle balls ” 213 

structure of 218 

stuckofen for making ! 208 

sulphur in 218 

tensile properties 219 

Walloon process for making... 209 

welded-pipe properties 219 

wire made from 675, 676 

wolf furnace for making 208 

wolf oven for making 208 

wulf's oven for making 208 

Wrought steel 

definition 385 


Wrought-steel wheels (see 
“Wheels”) 

Wulf's oven 

wrought-iron production in 208 

Wiistite 

ferrous oxide-alumina-silica 


system component 192 

ferrous oxide-ferric oxide- 

silica system component 197 

ferrous oxide-silica system 

component 197 

Wyoming 

iron ores 145, 149 


X 

tin-plate symbol 932 

X-rayls 529 

X-rays 

nondestructive-test methods 

employing 373, 377, 926, 927 

steel castings examined by.. 373, 877 

Xanthosiderite 

iron ore 139 


Xenon 

atomic number 8 

atomic weight 8 

boiling point 8 

melting point 8 

symbol 8 

Xylenes 

boiling range 127 

distillation for recovery 136 

light-oil constituents ..115, 122, 123, 
126, 127, 128, 131 
protective coatings utilizing. . . . 127 

recovery from light oil 126-131 

tar constituents 132 

uses for 127, 138 


Xylenols 

tar constituents 

Yellow phosphorus 

specific gravity 30 

Yield point 

definition of 889-891 

determination of ....889-891 

'' jphenomena associated with. 889-890 
Yield-point elongation 
definition of 889 
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Yldd strengdi 

definition 888 

determination of 888, 889 

Young-blown heats 

acid'Bessemer process 275, 279 

Young’s modulus (see "Modulus 
of elasticity”) 

Ytterbium 

atomic number 8 

atomic weight 8 

symbol 8 

Yttrium 

atomic number 8 

atomic weight 8 

symbol 8 

Yugoslavia 

i^-ore reserves 140 

Zee-bar passes 

rolling-mill rolls 432 

Zee bars 

roll passes for 432 

Zees (see also "Structural 
sections”) 

rolling of 532-538 

Zeta phase 

iron-tin system 646 


Zinc 

atomic number 8 

atomic weight 8 

blast-furnace refractories 

affected by 144 

blast-furnace behavior of 253 

boiling point 8 

Bonderizing coatings of 626 

brass constituent 426 

bronze constituent 426 

chemical treatments for 

surfaces coated with 626 

compositions for use in 

galvanizing 666 

consumption by galvanizing 

industry 680 

Cronak treatment for coatings 

of 626 

electroplating baths for 624 

intermetallic compounds 

with iron 662, 663-665 

iron-ore constituent 144, 151 

melting point 8 

open-hearth oxidation of 322 

Parkerizing coatings of 626 

refractories attacked by.... 205, 253 

scrap constituent 205 

dierardizing process for 
coating sted with 623 


solution potential in various 

solutions 622 

surface treatments for 

coatings of 626 

symbol 8 

wire coated with 707-711 

Zinc-iron system 

phase diafpiam 6M 

Zinc oxide 

alumina reaction with 253 

condensation in flues 253 

Zinc skimmings 

galvanizing process 708 

Srconium 

addition to steel 202, 203 

atomic number 8 

atomic weight 8 

blast-furnace behavior of 253 

iron-ore constituent 143 

melting point 8 

oxidation of 202 

residual element in carbon 

steel 825 

sources for addition to steel. ... 203 

stainless-steel constituent 855 

symbol 8 

Zirconium alloys 

addition agents 203 



